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      Oxo complexes of late transition metals have been used in a number of catalytic reactions such as C–
H activation, epoxidation and water oxidation. In comparison, few studies have been published on 
terminal oxo complexes of group IV transition metals.  The imido complexes of these metals, which are 
isoelectronic to the oxos, have also been shown to effectively catalyze various organic reactions, including 
hydroamination and carbonamination. Similar reactivity of [Ti]=O and [Zr]=O complexes has been 
relatively underdeveloped. The first part of this thesis focuses on the synthesis of terminal titanium–oxo  
complexes supported by cyclopentadienyl ligands and their reactivity toward unsaturated organic 
substrates. The research objectives are: (i) Develop new methods for the preparation of Cp*2Ti=O(L) and 
Cp’2Ti=O(L) (Cp* = pentamethylcyclopentadienyl, Cp’ = tetramethylcyclopentadienyl, L = pyridine or 
pyridine derivative); (ii) Investigate the cycloaddition and cycloreversion reactions of these oxo complexes 
with alkynes, nitriles, aldehydes and imines, and unsaturated carbonyls; (iii) Develop a titanium-mediated 
alkyne-aldehyde coupling reaction for the synthesis of α,β-unsaturated carbonyl compounds.  
      Early work focusing on oxo synthesis established that starting from titanocene ethylene complexes, 
pyridine N-oxide was an effective oxidant to generate Cp*2Ti=O(L) in high yield while styrene oxide was 
the oxidant of choice for Cp’2Ti=O(L). These complexes were then demonstrated to readily undergo 
cycloaddition with unsaturated organic compounds to generate isolable four- or six-membered 
metallacycles. The reversed reaction, retro-cycloaddition, occurred at room temperature and could 
achieve high conversion depending on the stereoelectronic properties of the titanacycles. This facile 
cycloreversion is significantly different from similar reactions of analogous zirconium complexes. With 
regard to the third objective, the development of an alkyne-aldehyde coupling reaction faced a major 
setback as one of the three proposed elementary steps, the insertion aldehyde of into an 
oxatitanacyclobutene complex, favored unproductive pathways. Studies conducted to provide insights 
into this process also discovered novel reactivity of oxatitanacyclobutenes: facile reductive elimination of 
the Cp*, which is usually considered an innocent ligand, followed by bond activation (C–H, C–X, or C–C) 
to generate a number of new titanium complexes, the structures of which were confirmed by X-ray 
crystallography. 
      The second part of the thesis focuses on rhodium-catalyzed oxidative amidation reactions. Amides are 
an important functional group commonly found in natural products and pharmaceuticals, and are 
traditionally prepared via amidation reactions involving stoichiometric activation of carboxylic acids, 
either in the form of highly reactive acid chlorides and anhydrides, or with the use of stoichiometric, high  
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molecular weight coupling reagents. The transition metal-catalyzed amidation of aldehydes and alcohols 
is a promising method for greener, more atom-economical amide synthesis and thus is of great interest 
to our group.  The objective here is to address the current drawbacks in this research area, including: (i) 
low reactivity of sterically hindered substrates and aniline nucleophiles, and (ii) lack of asymmetric 
transformations.  
      A rhodium-catalyzed oxidative amidation was developed for the synthesis of amides bearing a 
quaternary carbon at the alpha position from sterically hindered aldehydes and alcohols. A variety of 
amines, both aliphatic and aromatic, were effective nucleophiles and generated the amide products in 
good to excellent yields. The aldehyde substrate scope was very limited compared to alcohols, due to 
competing imine formation. Unlike in the case of less hindered substrates used in our previous study, 
these imines were not converted to the desired products under reaction conditions.  
      Finally, to address the second drawback, our approach was to combine the amidation reaction with an 
earlier isomerization step in which the desired stereochemistry would be set. This approach was effective 
for the asymmetric synthesis of β-branched amides. In this rhodium-catalyzed reaction, prochiral 
trisubstituted allylic diethylamines first underwent a highly enantioselective isomerization to enamines, 
then oxidative amidation to chiral amides in good yield and excellent enantioselectivity. The synthesis of 
α,β-disubstituted amides proved to be much more challenging, as tetrasubstituted allylamine showed no 
reactivity and a related substrate, allylic alcohol, showed no diastereoselectivity.  Starting with diallyl 
ethers, a tandem olefin isomerization – Claisen rearrangement – amidation reaction was developed and 
afforded the desired amides in moderate yields and diastereoselectivity. The results varied significantly 
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CHAPTER 1: SYNTHESIS AND REACTIVITY OF TITANOCENE–OXO COMPLEXES 
1.1 INTRODUCTION 
The alkene is one of the most important functional groups in organic chemistry, both as synthetic 
targets and handler.1–3 Significant advances have been made in the field of olefination, allowing for the 
construction of C=C double bond from a variety of starting materials, notably carbonyl compounds. 
However, these reactions often generate stoichiometric amount of high molecular weight byproducts.4 
In line with the current emphasis on greener chemistry,5,6 one of the research goals in our group is to 
develop a titanium-catalyzed coupling reaction for the synthesis of α,β-unsaturated carbonyls from 
readily available starting materials, alkynes and aldehydes, in an atom-economical,7 redox-neutral 
process. We envisioned a catalytic cycle consisting of three steps: (i) [2+2]-cycloaddition between the 
[Ti=O] catalyst and an alkyne, (ii) insertion of an aldehyde into the Ti–C bond, and (iii) [4+2]-
retrocycloaddition of the resulting dioxatitanacycle to form the desired α,β-unsaturated carbonyl 
product and regenerate the active titanium–oxo catalyst (Figure 1). 
 
Figure 1: Proposed titanium–oxo catalyzed alkyne-aldehyde coupling reaction. 
The first step in this catalytic cycle was previously reported stoichiometrically by Bergman8 with 
titanocene–oxo complex bearing the pentamethylcyclopentadienyl (Cp*) ligand (Equation 1), while the 
other two steps were not known. However, carbonyl insertion has been demonstrated with analogous 
oxazirconacyclobutene complexes (Equation 2).9 Further support for the proposed catalytic cycle was 
provided by more recent reports on similar catalytic alkyne-imine coupling reactions, first with 







Titanium–imido complexes have shown great utility in both stoichiometric and catalytic reactions.12–
14 However, similar reactivity of the isoelectronic oxo complexes has been relatively underdeveloped. 
Terminal oxo complexes of group IV transition metals are very reactive and prone to undergo 
oligomerization to generate μ-oxo products. The few known terminal titanium–oxos are supported by 
sterically encumbering ligands such as tetraaza[14]annulene and penta-substituted cyclopentadienyls 
(Figure 2).15–19  
 
Figure 2: Previously reported terminal titanium–oxo complexes. 
Our efforts in developing this alkyne-aldehyde coupling reaction started with the preparation of 
titanocene–oxo complexes, followed by the stoichiometric study of the three elementary steps in the 
catalytic cycle. While studying the second step, aldehyde insertion, we discovered novel reactivity of 
oxatitanacyclobutene complexes involving bond activation and participation of the Cp* ligand.20 
Concurrently, we also investigated the reactions of titanocene–oxo complexes with unsaturated organic 
compounds to form metallacycles and the mechanism of the retrocycloaddition reactions.21  
1.2 SYTHESIS AND CHARACTERIZATION OF TITANOCENE–OXO COMPLEXES 
      The first step of the proposed catalytic cycle, [2+2]-cycloaddition with alkyne, was previously 
demonstrated with a titanocene–oxo complex bearing the Cp* ligand, making this complex the 
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preferred starting material for our investigation. Additionally, the related oxo complex bearing the 
tetramethylcyclopentadienyl (Cp’) ligand was sought, as the [Ti=O] is less hindered and thus potentially 
more reactive. This Cp’2Ti=O complex had not been reported and we anticipated some difficulty in its 
preparation due to the smaller size of the Cp’ making it less stabilizing compared to the Cp* ligand.  
 
The pyridine-stabilized titanocene–oxo complex Cp*2Ti=O(py) (2a) was first prepared via oxidation 
of the corresponding titanocene–ethylene complex Cp*2Ti(C2H4) (1) with nitrous oxide in 59% yield 
(Equation 5).17 Our attempts to reproduce this result were complicated by impurities in the nitrous oxide 
gas, leading to low yields (30 – 40%) in our hands. These results prompted us to investigate more 
conventional oxidizing reagents which were easier to purify and quantify. We also aimed to improve the 
yield of the reaction, given the cost of the Cp* ligand, and the overall maneuver simplicity of the 
process. Pyridine N-oxide is a readily available oxidant that is used in a number of catalytic oxidations 
involving metal–oxo complexes.22 Furthermore, the reduced product, pyridine, could be incorporated 
into the desired titanocene–oxo, thus lowers the amount of pyridine required.  
Scheme 1: Synthesis of titanocene – oxo complexes via oxidation with pyridine N-oxides 
 
The oxidation of ethylene complex 1 (1.0 equiv) with pyridine N-oxide (1.0 equiv) in the presence of 
pyridine (2.0 equiv) produced the desired complex 2a in 80% isolated yield. Similarly, 3,5-lutidine N-
oxide was an effective oxidizing reagent for this transformation, generating oxo complex 2b in 84% 
isolated yield (Scheme 1). These products were obtained in analytically pure form after solvent was 
evaporated off, followed by washing with hexane or pentane without the need for crystallization at 
cryogenic temperature (-80 °C) as shown in the original report. This was one of the few examples of the 
use of pyridine N-oxides to prepare terminal metal–oxo complexes. Previously, it was reported that 
pyridine N-oxide oxidized a titanium–dinitrogen complex supported by benzamidinate ligands to the 
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corresponding oxo (Equation 6).18 The product was isolated in moderate yield (37%) and contains a 
coordinated N-oxide ligand, even in the presence of pyridine.  
 
We found that the stoichiometry of the reagents was critical. Excess oxidant gave rise to byproducts, 
including titanium μ-oxo cluster,17,23 which were difficult to separate from 2a or 2b. The use of N-oxide 
without added pyridine generated a number of byproducts and very low yield of the terminal oxo. This 
suggests that a high concentration of pyridine is required to increase the rate of formation of 2 relative 
to oligomerization. It is possible that the added pyridine coordinates to the metal center prior to the 
oxidation event and stabilizes the subsequently formed terminal oxo complex better than pyridine 
released from the N-oxide. Finally, replacing pyridine with 2-picoline and 2,6-lutidine did not afford the 
desired products, presumably due to steric hindrance of the methyl group(s).  
After the initial study by Andersen, titanocene–oxo complexes supported by bulkier ligands than 
Cp* have been reported, usually with other penta-substituted cyclopentadienyl ligands. Our target, a 
terminal oxo complex bearing the less sterically encumbering Cp’ ligand, was not known. Oxidation of 
ethylene complex Cp’2Ti(C2H4) (3) with nitrous oxide gave product 4a in the 20-30% yield range, while 
the use of pyridine N-oxide produced lower yield of the products (<10%). The main products in both 
cases were likely Cp’ titanium μ-oxo cluster resulting from decomposition of the [Cp’2Ti=O] species. We 
attributed this result to the smaller size of the Cp’ ligand compared to the Cp* ligand, which makes it 
less effective in stabilizing the reactive monomeric terminal oxo.  
Scheme 2: Synthesis of titanocene–oxo complexes via oxidation with styrene oxide 
 
We hypothesized that the use of nonpolar solvents such as pentane or hexane would cause the 
product to precipitate out of solution and thus prevent oligomerization. However, both nitrous oxide 
and pyridine N-oxide have low solubility in such solvents. Styrene oxide, previously used in the 
preparation of base-free titanocene–oxos by Chirik,19 proved to be an effective alternative. Oxo complex 
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4a was prepared in 60% isolated yield via oxidation of a solution of 3 and pyridine in hexane with 
styrene oxide. 3,5-lutidine could be used instead of pyridine, generating oxo complex 4b in 62% yield 
(Scheme 2). In both cases, the isolated products contained a 
small amount of an unidentified byproduct that persisted after 
repeated recrystallization. The product to byproduct ratio was 
greater than 12:1 based on NMR integration. 
Figure 3: ORTEP diagram of Cp’2Ti=O(3,5-lutidine) (4b). Hydrogen 
atoms and a second molecule are omitted for clarity. Ellipsoids 
are drawn at 50% probability level. 
The structure of this new monomeric terminal titanocene–oxo was confirmed by X-ray 
crystallography. Single crystals suitable for X-ray diffraction were grown by slow diffusion of pentane 
into a solution of 4b in toluene. As shown in the ORTEP representation (Figure 3), the two Cp’ ligands are 
arranged in a pseudo-staggered conformation, with the unsubstituted sites of the two rings slanted 
toward each other to reduce steric strain. Selected bond lengths and angles are listed in Table 1. The 
Ti=O bond length in 4b is 1.686 Å, within the range of known terminal titanium–oxo complexes. As 
expected with a less sterically encumbering ligand, the Cp’–Ti–Cp’ angle of 131˚ in 4b is smaller than 
the Cp*–Ti–Cp* angle of 135˚ in 2a.17
Table 1: Selected bond lengths and angles for titanocene–oxo complex 4b 
Bond              Length (Å)  Bond Angle (°) 
Ti1-O1 1.6868(18) O1-Ti1-N1 91.05(9) 
Ti1-N1 2.208(2) CNT1-Ti1-CNT2 131.03(2) 
Ti1-CNT1 2.1889(5)   
Ti1-CNT2 2.1730(5)   
1.3  [2+2]-CYCLOADDITION AND CYCLOREVERSION REACTIONS OF TITANOCENE–OXOS  
1.3.1 [2+2]-Cycloaddition and cycloreversion with alkynes 
With a reliable method to prepare the required oxo complexes, we proceeded to study the first step 
in our proposed catalytic cycle and synthesized a number oxatitanacyclobutene complexes with 
different stereoelectronic properties via [2+2]-cycloaddition of the oxo complexes with alkynes. 
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As mentioned earlier, this reaction had been reported by Bergman. In his 1995 report, 2a was shown 
to form metallacycles preferentially with terminal alkynes compared to internal alkynes, and the 
reaction was shown to be reversible as alkyne exchange was observed when the titanacycle product was 
treated with another alkyne.8 This work was a valuable foundation for our research; however, 
experimental data provided in the report was limited. We sought to study this reaction in more details, 
explore the scope of alkynes and the potential effects of a less bulky ligand (Cp’) on the reactivity of the 
metal complexes.  
We found that both 2a and 4a reacted with a slight excess (1.2 equiv) of aryl acetylenes to give 
quantitative NMR yields of the oxatitanacyclobutene products in less than an hour at room 
temperature. Isolated yields were lower in some cases due to the high solubility of the metallacycles 
(Table 2). When p-nitrophenylacetylene was used, an intractable mixture was observed instead of the 
desired product. This result could be attributed to the strongly electron-withdrawing nitro group, which 
makes the terminal alkyne sufficiently acidic to be deprotonated by the oxo complex. In addition to the 
published results shown in Table 2, we tested other phenyl acetylene derivatives of the type p-R-C6H4-
CCH (R = Me, CF3, NMe2) which give full conversion with 2a and 4a; 2a also reacted with aliphatic 
alkynes such as 3-phenyl-1-propyne and 3,3-dimethyl-1-butyne. 
Table 2: Scope of terminal alkynes in the [2+2]-cycloaddition reaction with titanocene–oxo complexes 
 
Entry Cpx R’ (product) Yielda 
1 Cp* Ph– (5a) 95% 
2 Cp* p-MeO-C6H4– (5b) 92% 
3 Cp* 3,5-(CF3)2-C6H3– (5c) 88% 
4 Cp* p-F-C6H4– (5d) 70% 
5 Cp* p-NO2-C6H4– (5e) 0%b 
6 Cp’ 3,5-(CF3)2-C6H3– (6a) 94% 
Reaction condition: 1.0 equiv titanocene–oxo, 1.2 equiv alkyne; a Isolated yields; b Starting materials 
were consumed resulting in an intractable mixture. 
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Unlike terminal alkynes, internal alkynes showed little reactivity toward the oxo complexes under 
similar reaction conditions. At room temperature, reactions of 2a and 4a with 1-phenyl-1-propyne and 
diphenylacetylene generated the corresponding metallacycle products in less than 5% NMR yield even 
after 7 days and with 4.0 equiv of alkyne used. At elevated temperature (60 ˚C), 2a underwent 
cycloaddition reaction with these internal alkynes to form oxatitanacyclobutenes 7a and 7b in 50% and 
43% isolated yield, respectively (Scheme 3). Higher temperature and longer reaction time led to 
decomposition of 2a. Attempts to facilitate analogous reactions of 4a with internal alkynes were not 
successful as elevated temperatures caused decomposition of this less stable oxo complex.  
Scheme 3: [2+2]-cycloaddition of Cp*2Ti=O(py) with internal alkynes 
 
Scheme 4: Protonation of oxatitanacyclobutene 7a 
 
The structures of the oxatitanacyclobutenes generated from terminal alkynes had been determined 
by X-ray crystallography in Bergman’s report, confirming that the sp2 carbon bearing the phenyl group is 
bonded to the oxygen atom and the unsubstituted sp2 carbon is connected to the metal center. Of 
interest to us was the connectivity in complex 7a, which was prepared from 2a and the asymmetric 
internal alkyne 1-phenyl-1-propyne. While our efforts to grow single crystals of this complex were 
unsuccessful, the regiochemistry of this reaction as drawn in Scheme 3, with phenyl group α to the 
titanium and the methyl group β, was supported by experimental data: treatment of 7a with pyridine 
hydrochloride resulted in formation of benzyl methyl ketone. The other isomer (not observed) of 7a 
should generate ethyl phenyl ketone instead (Scheme 4). This result is consistent with the structure of 
the analogous oxazirconacyclobutene complex24 and suggests the dominance of a steric effect, where 
the relatively flat sp2 carbon of the phenyl ring is preferred between the two Cp* rings over the 




Oxatitanacyclobutene 5a had been shown to undergo alkyne exchange reaction with p-
totylacetylene at 75 ˚C to generate a new metallacycle and phenylacetylene, in addition to an organic 
byproduct identified as an enyne (Equation 7). Starting with the same complex (5a), we found that 
alkyne exchange occurred at room temperature without formation of any byproducts (Table 3, entries 1, 
2). Other oxatitanacyclobutenes were employed in this reaction to demonstrate the effects of the 
substituents on the phenyl ring on the reactivity of the metal complexes. With strongly electron 
deficient metallacycle 5c, no exchange was observed even at elevated temperature, suggesting that this 
complex is significantly less reactive than the more electron rich 5a and 5b. This titanacycle is also more 
thermally stable, as no reactions occurred upon heating a solution of 5c in C6D6 at 80 ˚C for 3 days 
(reaction was monitored by 1H NMR), while 5a was previously reported to rearrange to a 
hydroxyacetylide complex at elevated temperature (Equation 8). 
 
Table 3: Conversion of alkyne exchange reactions of oxatitanacyclobutenes 5a-c 
 
Entry Ar1 Ar2 Conversiona 
1 Ph (5a) 4-OMe-C6H4 24% 
2 Ph (5a) 4-F-C6H4 24% 
3 4-OMe-C6H4 (5b) 4-F-C6H4 52% 
4 3,5-(CF3)2-C6H3 (5c) 4-F-C6H4 0% 
Reaction condition: 1.0 equiv oxatitanacyclobutene, 1.0 equiv alkyne; a Determined by NMR integration.  
The reaction rate appeared to depend on the nature of the metallacycles and not on the alkynes. 
When complex 5a was treated with two different alkynes, both reactions had the same conversion rate 
of 24% after 3 days (Table 3, entries 1 and 2). When two different complexes (5a and 5b) were treated 
with the same alkyne, the more electron rich 5b reacted faster, achieving 52% conversion after 3 days 
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(entry 3). This is consistent with electron donating groups on the phenyl ring accelerating the rate of the 
exchange by promoting the retro-[2+2]-cycloaddition  and supports a unimolecular [2+2]-cycloreversion 
rate determining step, followed by trapping of the resulting free oxo species by alkyne. 
 1.3.2 [2+2]-Cycloaddition and cycloreversion with nitriles 
In addition to alkynes, the only other types of unsaturated organic substrates previously 
demonstrated to undergo reaction with titanocene–oxo was allenes.25 In general, reported studies on 
the reactivity of terminal oxo complexes of early transition metals are limited compared to their 
isoelectronic imido complexes or oxo complexes of late transition metals, both of which have found 
numerous application in catalysis . One of the goals of our study is to expand this research area, provide 
more information on the metallacycle-forming reactions of these oxo complexes with organic 
compounds, which could be useful in the development of potential catalytic systems. 
 
We turned our attention to benzonitriles as they had been shown to undergo cycloaddition reaction 
with titanocene–sulfido complex to form azathiatitanacyclobutenes (Equation 9). However, treatment of 
oxo complex 2b with benzonitrile resulted in less than 10% conversion after 24 h. To study potential 
effects of aryl substitution on this reaction, a solution of 2b in C6D6 was treated with different 
benzonitrile derivatives and the reactions were monitored by 1H NMR. While benzonitriles with electron 
donating substituent (meta- and para-methyl) did not react, full conversion to a single product was 
observed with 3-bromobenzonitrile, 3,5-bis(trifluoromethyl)benzonitrile, and 3,5-difluorobenzonitrile, 
generating products 8a, 8b and 8c in high isolated yield (Scheme 5). This stark difference in reactivity 
illustrates the strong influence of the substituents on the phenyl ring on the nitrile group. Electron 
withdrawing groups make the nitrile group more electrophilic and reactive in the [2+2]-cycloaddition, 
while electron donating substituents increase the electron density on the nitrogen atom, making it a 






Scheme 5: [2+2]-cycloaddition reaction of 2b with electron deficient benzonitriles 
 
Formation of product was accompanied by an instantaneous color change from orange to deep red. 
Integration of 1H NMR spectra indicated a monoinsertion product with one nitrile molecule 
incorporated; using two or more equivalents of nitriles did not lead to formation of other products. This 
mode of metallacycle formation is consistent with the similar reaction of titanocene–sulfido,26 but 
different from that of zirconocene–oxo, which reacts with two equivalents of benzonitrile to form a six-
membered metallacycle.27 The structure of 8b was confirmed by X-ray crystallography; single crystals 
were grown by slow diffusion of hexane into a toluene solution of 8b. An ORTEP representation is shown 
in Figure 4, and selected bond lengths and bond angles in Table 4. The titanium center is in a 
pseudotetrahedral environment with a flat metallacycle. The Ti1–O1 and Ti1–N1 bond lengths are within 
the range of known titanium–oxygen and titanium–nitrogen single bonds. Interestingly, the C21–N1 
bond length is longer than common organic C=N bonds and more similar to the carbon–nitrogen bond 
length of amides. The O1–C21 bond length of 1.278 Å is much shorter than the analogous oxygen–
carbon bond (1.370 Å ) in alkyne adduct 5a.8 These data indicate that both O1–C21 andC21 –N1 bonds 
of 8b are partial double bonds. 
Figure 4: ORTEP diagram of Cp*2Ti[OC(3,5-
(CF3)2C6H3)N] (8b). Hydrogen atoms are omitted 
for clarity. Ellipsoids are drawn at 50% probability 
level. 
Table 4: Selected bond lengths and bond angles 
for 8b 
Bond Length (Å) Bond Angle (°) 
Ti1-O1 2.070(11) Ti1-O1-C21 83.7(5) 
01-C21 1.278(7) O1-C21-N1 120.4(3) 
C21-N1 1.383(8) C21-N1-Ti1 85.9(5) 
N1-Ti1 1.950(13) N1-Ti1-O1 70.0(3) 
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Intriguingly, this reaction appeared to be sensitive to both the electronic property and the position 
of substituents on benzonitriles, as demonstrated by the difference in reactivity of m-bromobenzonitrile 
and that of o- and p-bromobenzonitriles. The reaction between 2b and m-bromobenzonitrile went to 
completion to form 8a, the 1H NMR of which shows that the Cp* methyl peak is shifted approximately 
0.25 ppm upfield compared to the oxo (Figure 5a). A similar shift occurred with 8b. However, when 2b 
was treated with o- and p-bromobenzonitriles, 1H NMR spectra showed only one Cp* peak, which 
shifted very slightly (0.01 – 0.03 ppm) from that of 2b, in addition to broadening of the nitrile and amine 
peaks (Figure 5b). These observations suggest fast pyridine-nitrile exchange on the NMR time scale and 
no [2+2]-cycloaddition. This result could be partially attributed to the positive resonance effect of the 
bromide substituent at ortho and para position, which counters its negative inductive effect. In the case 
of the m-bromobenzonitrile, the inductive effect is dominant.  
 
Figure 5: Close-up of the alkyl region in the 1H NMR of 2b (brown) compared to 2b treated with nitrile 
(teal): (a) with m-bromobenzonitrile, and (b) with o-bromobenzonitrile. 
The azaoxatitanacyclobutenes 8a and 8b underwent nitrile exchange at room temperature (Scheme 
6). Starting with either 8a or 8b and the other nitrile, an approximate 6:1 ratio of 8b to 8a was observed 
after 3 h, as determined by 1H NMR integration. In addition, titanacycle 8a and p-
methoxyphenylacetylene were fully converted to 5b and free nitrile in 2.5 h (Scheme 7). In comparison, 
the nitrile-alkyne exchange reaction of 8b was significantly slower, reaching 50% conversion after 24 h. 
This result is consistent with what we observed with the oxatitanacyclobutenes in Table 3: the retro-
cycloaddition of these titanacycles depends on the reactivity of the metal complexes and not on the 




Scheme 6: Nitrile exchange reaction of azaoxatitanacyclobutenes 8a and 8b 
 
Scheme 7: Exchange reaction of 8a with terminal alkyne 
 
1.3.3 [2+2]-Cycloaddition with imines and aldehydes 
In addition to studying cycloaddition reactions of titanocene–oxo with organic compounds 
containing triple bonds, we also explored substrates containing double bonds such as carbonyls and 
imines. Imines, unlike alkynes, nitriles, and carbonyl compounds, had not been shown to undergo 
cycloaddition reactions with any terminal chalcogenido complexes of group IV metals. To evaluate the 
reactivity of titanocene–oxo toward this functional group, a solution of 2b in C6D6 was treated with 3 
different imines: N-phenyl benzophenone imine, N-phenyl p-methoxybenzaldehyde imine, and 
benzophenone imine. While the first two imines remained unreacted, reaction with benzophenone 
imine immediately resulted in a color change from orange to red and 1H NMR spectrum indicated the 
formation of a new product with a Cp* methyl peak significantly more upfield (1.761 ppm) than that of 
2b (1.912 ppm). This product is tentatively assigned to be cyclic ketal 9a and not titanium–hydroxyl 
complex 9b (Scheme 8) based on NMR evidence that the two phenyl rings are equivalent and no imine 
signal is found in the 13C NMR spectrum. Nevertheless, we do not rule out a mechanism in which 2b and 
imine first react to form 9b which then cyclizes to 9a. The observation that the two N-phenyl imines 
tested did not react could be explained by the increased steric hindrance of the phenyl group on the 
nitrogen atom, and/or their inability to access a complex similar to 9b.  




Electron deficient ketones have been previously reported to form stable metallacycles with terminal 
titanium–oxo complexes supported by tetraaza[14]annulene ligands, while more electron rich ketones 
such as acetone, 3-pentanone, and methyl styryl ketone remain unreacted.28 This is consistent with our 
observation in the cycloaddition reaction with nitriles that more electrophilic substrates display higher 
reactivity. Similar reactions with aldehydes were not known. 
Scheme 9: [2+2]-cycloaddition reaction of oxo complex 2a with 3,5-bis(trifluoromethyl)benzaldehyde 
 
 
Figure 6: 1H NMR spectrum of the reaction between 2a and 3,5-bis(trifluoromethyl)benzaldehyde, 
showing two different Cp* ring and a proton at 5.60 ppm, which is in the acetal range. The peaks at 6.6 
and 6.9 ppm are from pyridine; the other pyridine peak overlap with a phenyl peak at 8.5 ppm.  
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To explore the reactivity of aldehydes in cycloaddition reaction, a solution of 2a in C6D6 was treated 
with different benzaldehydes. With 3,5-bis(trifluoromethyl)benzaldehyde, 1H NMR spectrum (Figure 6) 
clearly suggested the formation of a new product, tentatively assigned to be acetal 10 (Scheme 9); the 
reaction was accompanied by a color change from orange to deep green. In the NMR spectra, the two 
Cp* rings are now differentiated, indicating the presence of an sp3 carbon in the ring. The aldehyde 
proton has shifted to 5.60 ppm, within the range for acetals.  
Attempts to isolate 10a were not successful as this complex decomposed quickly, the green solution 
turned yellow in less than 2 hours. When more electron-rich benzaldehydes were used, the green color 
disappeared much faster: less than 5 minutes with p-fluorobenzaldehyde and in seconds with 
mesitaldehyde.  
1.4 NOVEL REACTIVITY OF TITANOCENE COMPLEXES: FACILE C–H, C–F, C–Cl, AND C–C ACTIVATION 
1.4.1 An unexpected result and the formation of a new titanacycle: C–H activation 
      The second step in our proposed catalytic cycle is the insertion of an aldehyde into the Ti–C bond of 
oxatitanacyclobutenes 5 and 6. Similar reactions with oxazirconacyclobutenes were previously reported 
by Hillhouse.9 However, when a benzene solution of 5b was treated with p-methoxybenzaldehyde, the 
insertion product was not observed (Scheme 10); instead, both starting materials were consumed to 
form a complex mixture. The absence of the desired product was confirmed by comparison to 1H NMR 
of an authentic sample, the preparation of which is discussed in the next section. The proton NMR 
spectrum of the resulting products displays a complicated alkyl reaction, indicating that the Cp* rings 
are no longer equivalent and symmetric (Figure 7). Further, the singlets around 4.5 ppm suggest that 
there are several species in solution with vinyl C–H bonds. Other combination of various 
oxatitanacyclobutenes and benzaldehyde derivatives gave similar results.  





Figure 7: 1H NMR spectrum of reaction between 5b and p-methoxybenzaldehyde.  
To gain insight into the reactions of oxatitanacyclobutenes with carbonyl compounds, the less 
reactive benzophenone was chosen to probe reactivity. Intriguingly, addition of one equivalent of 4,4’-
bismethoxybenzophenone to a solution of 5a or 5b in C6D6 resulted in an immediate color change from 
green to dark red, and complete conversion to a new complex was observed after 10 minutes at room 
temperature (Scheme 11).  
Scheme 11: Formation of new metallacycles from reaction of oxatitanacyclobutenes and benzophenone 
 
      The 1H NMR spectrum had an interesting pattern in the Cp* methyl region, with a singlet integrating 
to fifteen and five singlets each integrating to three hydrogen atoms, indicating desymmetrization of 
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one of the Cp* ligands. Additionally, a singlet, corresponding to the vinylic proton, had moved from 7.60 
to 4.62 ppm. These observations were consistent with reductive elimination between a Cp* ligand and 
the Ti–C bond of the oxatitanacyclobutene. A related reaction was recently reported by Chirik for 
reductive elimination from complexes bearing 2,3,4,5-tetramethyl-1-trimethylsilyl-cyclopentadienyl 
ligand (Equation 10).29 Further, the AA’BB’ spin system of the p-methoxylphenyl ring in 5b became a ABC 
spin system and a new singlet at 6.56 ppm was observed. Based on the 1H and 13C NMR spectra the 
structure was proposed to be titanacycle 11. A new [Ti]–C bond is formed between the metal center and 
the ortho carbon of the aryl from 5; the hydride has transferred to the ketone, resulting in the formation 
of an alkoxide ligand. 
 
      X-ray diffraction quality crystals were grown by slow diffusion of pentane into a THF solution of 11b. 
The structure of 11b•THF was confirmed to be consistent with spectroscopic data discussed above. As 
shown in Figure 8, the titanium is in a pseudo-square pyramidal environment and all of the atoms of the 
titanacycle are co-planer. The acyclic Ti–alkoxide (Ti1–
O3) bond length of 1.8351(12) Å is shorter than the 
cyclic Ti–alkoxide (Ti1–O1) bond length of 1.9273(11) Å, 
consistent with a larger bond angle Ti–O3–C20 of 
143.86(11)° compared to Ti–O1–C1 bond angle of 
123.33(10)° (Table 5).  
Figure 8: ORTEP diagram of 11b•THF. Hydrogen atoms 
and THF carbons were omitted for clarity. Oxygen O6 is from THF.  Ellipsoids are drawn at 50% probability 
level.  
Table 5: Selected bond lengths and bond angles for 11b•THF  
Bond (Å)                                       Length (Å) Bond                                          Angle (˚) 
Ti(1)-O(3)  1.8351(12) 
Ti(1)-O(1)  1.9273(11) 
Ti(1)-C(3)  2.1461(16) 







The formation of these five-membered metallacycles illustrates a different reactivity of 
oxatitanacyclobutenes 5 compared to related complexes. Carbonyl compounds are known to insert into 
the metal–carbon bond of titanacyclobutenes bearing unsubstituted Cp ligands to form six-membered 
metallacycles in good yields.30 The difference in reactivity between those complexes and titanacycles 5 
can be explained by the increased steric interactions at the metal center of 5. Analogous 
oxazirconacyclobutenes bearing Cp* ligand also have a less crowded metal center since the Zr–Cp* bond 
(2.248 Å)9 is significantly longer than the Ti–Cp* bond (2.093 Å) in 5a. These zirconium complexes also 
form six-membered metallacycle insertion products with carbonyl compounds and have been reported 
to undergo C–H activation to form a five-membered metallacycle similar to 2, however this 
transformation are only affected at temperatures exceeding 150 °C.27 The details of such conversion are 
not known but various intermediates including zwitterion, diradical and free zirconium–oxo have been 
invoked.  
      In the Chirik’s recent report mentioned earlier, it was concluded that the silyl group was essential to 
the transformation, as an oxatitanacyclobutene complex with all alkyl-substituted Cp rings did not 
exhibit the same reactivity. In our system, with the more stable Cp*-supported complexes 5a and 5b, the 
addition of aryl ketones was required to trigger this transformation. A tentative mechanism is shown in 
Scheme 12 below. 
Scheme 12: Proposed mechanism for C–H activation and involvement of Cp* ligand 
 
      In the first step, due to the high oxophilicity of titanium, coordination of the carbonyl oxygen to 5a 
promotes the reductive elimination between the Cp* ring and the Ti–C bond, to afford intermediate A. 
Then, titanium inserts into the carbonyl C=O bond and the modified Cp* ligand dissociates from the 
metal forms proposed intermediate B. Titanium–ketone intermediate has been proposed in the reaction 
of bis(cyclopentadienyl)titanacyclobutane with tetrakis-(trifluoromethyl)cyclopentadienone31 and the 
cyclization reaction of enones.32 With the phenyl ring now proximal, C–H activation occurs to form a 
alkoxide ligand, generating product 11a. To provide more evidence to support this mechanism, we set 
out to confirm that activation of the aryl C–H bond indeed happened, and to trap intermediate B.  
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1.4.2 Labeling studies 
      Three isotopically labeled isomers of 5a, prepared from Cp*2Ti=O(pyr) (2a) and the corresponding 
alkynes, were combined with 4,4’-bismethoxybenzophenone in C6D6 (Scheme 13). Deuteration at the 
alkene carbon in metallacycle 5f (Scheme 13a) results in labeling of the alkene proton in 11c, supports 
the direct reductive elimination between one Cp* ligand and Ti–C bond. Further, as Scheme 13b 
illustrates, one of the ortho C–D bonds is transferred selectively to form the new Ti–OCD(Ar)2 of 11d. 
Interestingly, when only one ortho position was deuterated, as in 5h (Scheme 13c), a very large 
intramolecular KIE of >9 was observed, as determined by integration in 1H NMR spectrum. 




1.4.3 Trapping the oxatitanacyclopropane intermediate: pinacol formation, C–X and C–C activation  
      The proposed intermediate B was not observed, presumably due to its very reactive nature. We 
hypothesized that blocking the ortho positions in oxametallacycles 5 would inhibit C–H activation and 
allow for the direct observation of intermediate B. Unfortunately, the necessary oxatitanacyclobutenes 
could not be prepared as reactions of titanocene–oxo with 2,6-difluorophenylacetylene and 2,4,6-
trimethoxyphenylacetylene generated hydroxyacetylide complexes instead of the desired titanacycles. 
The selective formation of the hydroxyacetylides over oxatitanacyclobutenes is attributed to the 
increased steric repulsion between the Cp* and the ortho substituents.8 As meta-substituents are also 
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known to slow the rate of C–H activation;33 5c was treated with 4,4’-bismethoxybenzophenone (Scheme 
5). Excitingly, under the same reaction conditions as with 5a and 5b (room temperature, 1.0 equiv 
ketone), 50% conversion to a reductive elimination product was seen by 1H NMR spectroscopy, the 
ketone was consumed while half the amount of 5c remain unreacted, suggesting a 1:2 5c to ketone 
stoichiometry.  A metallacycle containing Ti–alkoxide resulting from C–H activation was not observed. 
With two equivalents of the benzophenone used for one equivalent of 5c, quantitative conversion to 
pinacol-type product 12 (Scheme 14) was observed by 1H NMR spectroscopy. The proposed mechanism 
for the formation of 12 is that upon the formation of intermediate B, a second equivalent of the ketone 
undergoes rapid insertion into the Ti–C bond, as the C–H activation is slowed by the proximal CF3 groups. 
We have intermolecularly trapped this active intermediate in a different reaction mode than C–H 
activation.  
Scheme 14: Formation of double insertion product, trapping of intermediate B with ketone 
 
Figure 9: X-ray crystal structure of 
dioxatitanacyclopentane 12. Hydrogen atoms were 
omitted for clarity. Ellipsoids are drawn at 50% 
probability level.  
     Single crystals of 12 suitable for X-ray 
crystallography were obtained from a toluene 
solution layered with pentane. An ORTEP drawing is 
shown in Figure 9 and selected bond lengths and 
angles in Table 6. As seen in Figure 9, the solid-state structure of 12 shows a five member metallacycle 
with two molecules of ketone having undergone a pinacol coupling. The titanium is in a pseudo-
tetrahedral environment, with a slightly puckered metallacycle. The acyclic alkoxide oxygen has an 
almost linear geometry with the Ti–O7–C31 angle of 171.44(11)° suggesting a four-electron alkoxide 




Table 6: Selected bond lengths and angles for complex 12 
Bond                                              Length (Å) Bond                                          Angle (˚) 
Ti(1)-O(2)  1.8288(12) 
Ti(1)-O(7)  1.8405(12) 
Ti(1)-O(1)  1.8517(12) 
Ti(1)-C(52)  2.3691(16) 
Ti(1)-C(51)  2.3816(16) 
Ti(1)-C(54)  2.3970(16) 








The formation of 12 demonstrated that with aryl ketone, it required an oxatitanacyclobutene with a 
hindered ortho C–H on the phenyl ring such as 5c for the double insertion product to be observed; 
otherwise C–H activation product 11 was the only product. However, when 1.0 equiv of benzophenone 
imine was added to a solution of 5b in C6D6, 1H NMR indicated 50% conversion of 5b to a single 
reductive elimination product tentatively assigned to be double insertion product Y (Scheme 15). Full 
conversion of both starting materials was achieved with 2 equivalents of imine, which, together with the 
proton NMR spectrum shown in Figure 10, supports this assignment. Attempts to isolate Y were not 
successful.  





Figure 10: 1H NMR spectrum of proposed product Y. The characteristic peaks of enol ligand resulted 
from reductive elimination of Cp* and Ti–C bond in 5b can be observed in the Cp* region and the singlet 
at 4.28 ppm.  
Scheme 16: Intramolecular trapping of B with adjacent reactive C–X bonds 
 
      The formation of 12 also suggested the possibility of a more general C–X activation (Scheme 16), 
providing that the C–X bond activation from B is faster than C–H activation and carbonyl insertion. Such 
a reaction would be an intramolecular trapping of the reactive oxotitanacyclopropane intermediate B, as 
opposed to intermolecular trapping in the case of 12. Trifluoromethyls are known to undergo C–F 
activation with titanocene complexes via a similar intermediate to B.31 Reaction of 5b with one 
equivalent of trifluoroacetophenone (Scheme 17) resulted in an immediate color change from green to 
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yellow. 1H NMR spectroscopy reveals the same pattern expected from reductive elimination of Cp*, as 
observed in the formation of 11 and 12; however, the phenyl ring bearing the para-methoxy group 
remains symmetric, indicating that C–H activation did not occur. In addition, 19F NMR spectroscopy 
shows two doublets at -99.96 and -116.07 ppm, suggesting the presence of an olefinic CF2 group. These 
spectroscopic evidences are consistent with product 13a, which was isolated in 83% yield. Analogous 
reactivity was observed with 2,2,2-trichloroacetophenone, which afforded 13b in 51% isolated yield. 
Formation of 13a and 13b is consistent with the general mechanism outlined in Scheme 16. The driving 
force for this process could be the formation of a strong Ti–X bond. The ketone plays an important role, 
as treatment of 5b with ethyl trifluoroacetate or octafluorotoluene resulted in no reaction. 
Scheme 17: C–X activation in the reactions of oxatitanacyclobutene with CX3COPh 
 
a Isolated yield. b Reaction run in pentane. 
Figure 11: ORTEP diagram of 13a. Hydrogen atoms 
were omitted for clarity. Ellipsoids are drawn at 50% 
probability level.  
      The structure of this C–F activation products was 
confirmed by X-ray crystallography. Single crystals of 
13a were grown by slow diffusion of pentane into a 
toluene solution. As depicted in Figure 11, it has a 
piano-stool geometry, with the three leg positions 
occupied by one fluorine and two alkoxide ligands. One of the alkoxides results from reductive 
elimination of Cp* and the ring carbon from 1a, the other results from C–F activation of the reactive 
trifluoromethyl. Both of these ligands show strong deviation from sp2 geometry with Ti–O1–C11 and Ti–
O2–C19 angles of 156.06(14)° and 167.36(14)° respectively, suggesting the multiple-bonding nature of 




Table 7: Selected bond lengths and angles for complex 13a 
Bond                                              Length (Å) Bond                                         Angle (˚) 
Ti(1)-O(2)  1.8101(14) 
Ti(1)-F(1)  1.8299(12) 
Ti(1)-O(1)  1.8455(16) 
Ti(1)-C(3)  2.351(2) 
Ti(1)-C(1)  2.355(2) 
Ti(1)-C(2)  2.361(2) 
Ti(1)-C(5)  2.362(2) 
Ti(1)-C(4)  2.379(2) 










      Next, the ability of B to undergo C–C bond activation was studied with cyclopropyl phenyl ketone. 
The proposed transformation in Scheme 16 would result in the formation of an oxatitanacyclohexene 
complex. Related oxatitanacyclohexenes generated via carbonyl insertion into the Ti–C bonds of 
titanacyclobutenes are known to be stable. Indeed, treatment of 5b with cyclopropyl (4-methoxyphenyl) 
ketone resulted in the formation of a single product tentatively assigned to be titanacycle 14 (Scheme 
18) based on NMR data, we were not able to obtain single crystals of this product. Phenyl ketone bearing 
other small rings such as cyclobutane and epoxide were also tested in reaction with 5b (Scheme 19), in 
these cases, 5b was consumed but the reaction was not as clean as Scheme 18. A complicated alkyl 
region and various peaks in the 4-5 ppm range of the proton NMR spectra suggest the presence of 
several ring slip/reductive elimination products.  







Scheme 19: Reaction of 5b with phenyl ketones bearing cyclobutane and epoxide ring 
 
      In the proposed mechanism (Scheme 12), a Cp* ring slip caused by coordination of the aryl ketone to 
the metal center is crucial. We wanted to study the influence of ligands and substituents on the 
metallacycle as changes in these factors would alter the steric environment of the metal center. In this 
experiment, Cp’ complex 6a and disubstituted titanacycle 7a were treated with benzophenones and 
trifluoroacetophenone, respectively (Scheme 20 a and b). Unlike the clean and rapid transformations 
observed with 5a and 5b, no reactions were observed in these cases. With 7a, one explanation for this 
lack of reactivity could be that the second substituent on the metallacycle hindered the approach of the 
ketone and prevented the Lewis-base-promoted ring slip/reductive elimination. With 6a, no reactions 
were observed after 2 hours at room temperature; upon heating the reactions at 50 ˚C for one hour, 
decomposition occurred. In these cases, the smaller size of the Cp’ ligands may allow for ketone 
coordination without invoking ring slip. The slight shifts in 1H and 13C NMR spectra of a mixture of 6a and 
4,4’-bismethoxybenzophenone compared to spectra of separate 6a and ketone support this hypothesis.  




     As demonstrated in this section, aryl ketones can promote facile reductive elimination of the usually 
inert Cp* ligand in various transformations which proceed readily at room temperature to generate a 
number of novel titanium complexes. This is a rare example of such reactivity in all-alkyl-substituted Cp-
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based ligands, and this reactivity might be part of the reasons behind our unsuccessful efforts with the 
aldehyde insertion step, which is discussed in more details in the next section. 
1.5 FURTHER INSIGHTS INTO THE REACTIONS OF OXATITANACYCLOBUTENES WITH ALDEHYDES 
      As shown in Scheme 10 and Figure 7, reaction between 5b and benzaldehyde resulted in an 
intractable mixture with complicated NMR spectrum. To gain more insights, the crude reaction mixture 
was treated with pyridine hydrochloride and the resulting products were analyzed by GC-MS (Figure 12).  




Figure 12: GC-MS trace of reaction mixture after treatment with py•HCl (top) and fragmentation pattern 
of major protonation product (bottom). 
      The major product had a molecule weight (m/z = 284) and fragmentation pattern (main fragments of 
m/z = 149, 134, 119 and 107) consistent with reductive elimination product X (Scheme 21). Minor 
products with masses of 136 (2.78 min, pentamethylcyclopentadiene; 4.01 min, para-
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methoxybenzaldehyde), 150 (4.62 min, 4’-methoxyacetophenone), and 254 (5.9 min, unidentified) were 
also observed. This observation indicates that aldehydes might trigger a ring slip/reductive elimination 
similar to the process described in the previous section and lead to unsuccessful insertion. As 
disubstituted oxatitanacyclobutene 7a did not react with aryl ketone (Scheme 20b), we hypothesized 
that this complex might interact with aldehydes in a more productive fashion. 
      However, when a solution of 7a in C6D6 was treated with p-methoxybenzaldehyde at room 
temperature, no reaction was observed after three days. Upon heating the reaction to 60 °C, the starting 
materials were converted to a mixture of products from which the free alkyne could be observed by 1H 
NMR by comparison with an authentic sample (Scheme 22). Since 7a did not undergo reductive 
elimination, a different pathway must be invoked to explain its reaction with aldehyde. As previously 
proposed in the alkyne exchange reaction of complexes 5, oxatitanacyclobutene 7a could undergo a 
retro [2+2]-cycloaddition, followed by trapping of the free titanocene–oxo by an aldehyde (Scheme 23).  
Scheme 22: Reactions of disubstituted oxatitanacyclobutene 7a with aldehyde 
 
Scheme 23: Proposed mechanism for the reaction of 7a with aldehydes 
 
 
Scheme 24: Reaction of oxo complex 2c with p-methoxybenzaldehyde results in the same mixture 




      This hypothesis was supported by observation that reaction of DMAP-trapped oxo complex 2c with p-
methoxybenzaldehyde (Scheme 24) generated a mixture whose NMR spectrum superimposed with the 
spectrum of the reaction shown in Scheme 22 (Figure 13). In comparison, in the reactions of 5 with 
aldehydes, the reductive elimination pathway was faster and might account for most of the products.  
 
 
Figure 13: 1H NMR spectrum of the reaction between 7a and p-methoxybenzaldehyde (red, Scheme 22) 
after heating at 60 ˚C for 5 hours, superimposed with a spectrum of reaction between 2c and p-
methoxybenzaldehyde (green, Scheme 24). Except for the peaks corresponding to 7a, free alkyne and 
DMAP, the two spectra are superimposable. This provides further evidence supporting a retro [2+2]-




      Despite our efforts, no carbonyl insertion products were observed when oxatitanacyclobutene 
complexes were combined with various aldehydes (RCHO; R = Ph, Me, H) under a wide array of reaction 
conditions (-78 – 25 °C; polar and non-polar solvents, etc). With the Cp* complexes 5 and 7, an 
unidentify complex was obtained. As discussed above, two possible reaction pathways could explain this 
undesirable outcome: reductive elimination of the Cp* ligand or [2+2]-retrocycloaddition followed by 
capture of the free oxo by aldehydes. With the Cp’ complexes 6, no reactions were observed at room 
temperature with a variety of benzaldehydes, suggesting these Cp’ complexes were not prone to 
undergo the reaction pathways described above for 5 and 7. The lack of carbonyl insertion into the Ti–C 
bond of oxatitanacyclobutenes under a wide variety of conditions is a critical setback in our overall goal, 
of developing the alkyne-aldehyde coupling reaction. 
1.6 [4+2]-CYCLOADDITION AND CYCLOREVERSION REACTIONS WITH α,β-UNSATURATED CARBONYLS 
1.6.1 Reaction of titanocene–oxo with α,β-unsaturated carbonyls 
      Although we were unable to synthesize the desired dioxatitanacyclohexene via carbonyl insertion, we 
were interested in investigating the reactivity of these complexes relative to the analogous 
dioxazirconacyclohexenes, first prepared by Hillhouse9 and also recently studied in our group.24 Based on 
our investigations into [Zr]=O complexes, we proposed that these titanacycles could be prepared by 
[4+2]-cycloaddition reaction of titanocene–oxo complexes with  α,β-unsaturated carbonyls; similar 
reactivity has been reported with titanocene–sulfido complex Cp*2Ti=S(py).26 Complexes 2a and 4a 
reacted with chalcone 15a and its derivatives to generate dioxatitanacyclohexenes 16 and 17, 
respectively, in quantitative NMR yield and good to excellent isolated yields (Table 8). Both electron 
donating and withdrawing groups on the enones were well tolerated. 
Table 8: Scope of enones in the [4+2]-cycloaddition reaction with titanocene–oxo 
 
Entry Cpx, Ar1, Ar2 Product Yielda 
1 Cp*, Ar1 = Ar2 = Ph (15a) 16a 65% 
2 Cp*, p-CF3-C6H4 ; p-MeO-C6H4 (15b) 16b 82% 
3 Cp*, p-CF3-C6H4 ; p-Me-C6H4 (15c) 16c 78% 
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Table 8: (cont.)    
4 Cp*, p-CF3-C6H4 ; Ph (15d) 16d 74% 
5 Cp*, p-CF3-C6H4 ; p-Cl-C6H4 (15e) 16e 81% 
6 Cp*, Ar1 = Ar2 = p-CF3-C6H4 (15f) 16f 88% 
7 Cp*, p-NMe2-C6H4; p-CF3-C6H4 (15g) 16g 81% 
8 Cp*, p-MeO-C6H4; p-CF3-C6H4 (15h) 16h 85%  
9 Cp*, Ph; p-CF3-C6H4 (15i) 16i 60% 
10 Cp*, p-Br-C6H4; p-CF3-C6H4 (15j) 16j 58% 
11 Cp’, Ar1 = Ar2 = Ph (15a) 17a 61% 
12 Cp’, p-NMe2-C6H4; p-CF3-C6H4 (15g) 17g 75% 
13 Cp’, p-MeO-C6H4; p-CF3-C6H4 (15h) 17h 80% 
Reaction conditions: oxo complex 0.26 mmol, 1.0 equiv, enone 0.26 mmol, 1.0 equiv, toluene 4 mL, 
reactions were stirred at rt for 3 h. a Isolated yield. 
      Single crystals suitable for X-ray diffraction crystallography were grown by cooling a concentrated 
hexane solution of 16a. Selected bond lengths and angles are included in Table 9. As illustrated in the 
ORTEP representation (Figure 14), the metal is in a pseudo-tetrahedral environment. This complex 
contains a boat-like titanacycle with the C13 phenyl ring at 
the equatorial position. The Ti–O bonds are within the range 
reported for Ti–O single bonds with the Ti–alkoxide (Ti–O2) 
bond length longer than the Ti–enolate (Ti–O1) bond length 
(1.964(6) Å compared to 1.871(7) Å). 
Figure 14: ORTEP diagram of Cp*2Ti[OC(Ph)CHCH(Ph)O] 
(16a). Hydrogen atoms are omitted for clarity. Ellipsoids are drawn at 50% probability level. 
Table 9: Selected bond lengths and angles for 16a  
Bond Length (Å) Bond Angle (°) 
Ti–O1 1.871(7) O1–Ti–O2 89.82(9) 
Ti–O2 1.964(6) Ti–O1–C11 127.0(6) 
O1–C11 1.410(6) Ti–O2–C13 118.7(7) 
O2–C13 1.500(13) O2–C13–C12 105.8(4) 
C11–C12 1.341(9) C13–C12–C11 123.7(2) 
C12–C13 1.511(8) C12–C11–O1 125.3(5) 
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1.6.2 Retro-[4+2]-cycloaddition reactions of dioxatitanacyclohexenes 16 and 17 
      In the preparation of complexes 16, we observed that with electron donating groups on both of the 
phenyl rings, the product was not stable and decomposed to the enone and metal–oxo cluster. The 
cluster was the oligomerization product of free [Cp*2Ti=O] which was potentially generated from retro-
[4+2]-cycloaddition. This reaction has been invoked in a proposed mechanism for a titanium-mediated 
synthesis of conjugated dienes which was thought to involve a oxatitanacyclohexene intermediate,30 but 
has not been studied in detail. To probe the mechanism, dioxatitanacyclohexenes 16 and 17 were 
treated with α,β-unsaturated ketones and enone exchange reactions were observed. The rate of this 
reaction was strongly dependent on the electronic nature of the substituents on the phenyl rings; slower 
reactions were observed with more electron deficient metallacycles. Between the two phenyl rings on 
the metallacyles, electron donating substituents on the enol phenyl ring had a more profound impact in 
promoting this enone exchange reaction (Scheme 25). Starting with an equimolar solution of 16b and 
15f, 50% conversion to 16f to 15b was reached in 4.2 hours while reaction between 16h and 15f had a 
t1/2 of only 1.5 hours. These observations suggest that in the retro-[2+2]-cycloaddition step, an electron 
donating group can better stabilize the transition state when it is located on the phenol ring. This 
substituent effect was further studied with Hammett experiments discussed in section 1.6.3 below. 
Scheme 25: Enone exchange reaction of 16b and 16h  
 
      The formation of the new dioxatitanacyclohexene product can be considered the result of the oxo 
species [Cp*2Ti=O] being trapped by an enone. We hypothesized that other reagents which react more 
favorably with titanium–oxo should also promote the generation of α,β-unsaturated ketones from 
dioxatitanacyclohexenes. We first explore the feasibility of this reaction with trimethylsilyl chloride 
(TMSCl), which was known to react with a number of metal–oxo complexes, including molybdenium and 
tungsten,34 and zircononocene–oxo Cp*2Zr=O(py).35 To confirm that TMSCl reacts irreversibly with 
titanium–oxo, TMSCl (1.0 or 2.0 equiv) was added to a solution of complex 2a (Scheme 26) and the 
reaction was monitored by NMR. When 1.0 equiv of TMSCl was used, full conversion of 2a to a new 
complex was observed after 2.5 h. With 2.0 equiv of TMSCl, other products were observed, presumably 
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from reaction of the new complex with excess TMSCl, as observed in the reaction of TMSCl with oxo 
complexes of other metals. When a C6D6 solution of 16h or 17h was treated with 5.0 equiv of TMSCl, 
free enone was observed (Scheme 27). Starting with 16h, 100% conversion to enone 15h was achieved 
after 19 h at room temperature, while with 17h, 15h was formed in 74% NMR yield and full conversion 
was achieved upon heating reaction at 60 ˚C. 
Scheme 26: Reaction of oxo complex 2a with TMSCl 
 
Scheme 27: Retro-[4+2]-cycloaddition of 16h and 17h and trapping of free oxo with TMSCl 
 
      While TMSCl was an effective oxo-trapping reagent and promoted full conversion of complexes 16 
and 17 to free enone, achieving a retro-[4+2]-cycloaddition with the [Ti]=O functionality intact was more 
challenging. Using large excess of pyridine or 3,5-lutidine (>20 equiv) did not result in any reactions, 
indicating that the equilibrium lies far toward the dioxatitanacyclohexexes. We hypothesized that a 
stronger Lewis base such as 4-dimethylaminopyridine (DMAP) could stabilize the monomeric 
titanocene–oxo species formed in the cycloreversion. Indeed, reactions of DMAP with 
dioxatitanacyclohexenes 16 and 17 generated the corresponding enones and the DMAP-trapped 
titanium–oxo complexes 2c and 4c, respectively (Table 10). These oxo complexes were also 
independently synthesized via ligand exchange reaction of the corresponding pyridine-trapped oxo 
complexes 2a and 4a with DMAP (Scheme 28). 
      Similar to the enone exchange reaction, the rate of reactions between dioxatitanacyclohexenes 16 
and 17 with DMAP was strongly influenced by electronic effects: slower reactions were observed with 
more electron deficient metallacycles. Substitutions on the phenyl rings and ligands on the metal were 
both important. Electron donating substituents led to significant increases in yield (Table 10, entries 1 
and 2, entries 4 and 5). Reactions of metallacycles bearing the Cp’ ligand were much slower, as evident 
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from reactions of 16h and 17h: reaction of 16h with DMAP afforded 80% yield of 15h in 19 h at room 
temperature (Table 10, entry 2) while 17h only gives 34% of product 15h at 60 ˚C in the same reaction 
time (Table 10, entry 4). 
Table 10: Scope of dioxatitanacyclohexenes in the retro-[4+2]-cycloaddition and subsequent trapping 
with DMAP 
 
Entry Cpx, R1, R2 Yield 15a Yield 2c (4c)a 
1 Cp*, H, H (16a) 40% 38% 
2 Cp*, MeO ; CF3  (16h) 80% 37%b 
3 Cp’, H, H (17a) 0%c 0% 
4 Cp’, MeO; CF3 (17h) 34%d 35%b 
5 Cp’, NMe2; CF3 (17g) 81%e 69% 
Reaction condition: 1.0 equiv metallacycle (0.02M in C6D6), 20 equiv DMAP. a NMR yield determined by 
comparison of the product to an internal standard in 1H NMR spectra after 19 hours. b Lower yield of oxo 
compared to enone was attributed to low solubility of oxo product, as it precipitated out of solution. c 
No reactions at 80 ˚C and longer reaction time. d Reaction was run at 60 ˚C. e Yield determined after 5 
hours. 
Scheme 28: Synthesis of DMAP-trapped titanocene–oxo complexes 2c and 4c via ligand exchange 
 
      This facile cycloreversion and its dependence on electronic effects are different from reactions of 
dioxazirconacyclohexenes which require heating over 100 ˚C.24 A similar retro-[4+2]-cycloaddition from 
diazatitanacyclohexenes has been reported to be part of a titanium–imido catalyzed imine-alkyne 
coupling reaction; in this case also, high temperature is required to promote the cycloreversion.11 In 
comparison to these systems, the facile cycloreversion of oxatitanacycles bearing Cp* ligand is quite 
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remarkable. One possible explanation is the release of strain. Observation that dioxatitanacyclohexenes 
bearing the less bulky Cp’ ligand undergo significantly slower reactions supports this hypothesis. 
1.6.3 Kinetics study of the retro-[4+2]-cycloaddition reactions 
      Next, mechanistic experiments were undertaken to gain insight into the cycloreversion reaction. All 
kinetic investigations were preformed using initial rate kinetics, as clean kinetic profiles were not 
observed to three half-lives as decomposition was observed after extended reaction times. The reaction 
of 16b with DMAP is first order in 16b (Figure 15) and zero order in DMAP, supporting a dissociative 
mechanism in which the retro-[4+2]-cycloaddition is the rate determining step (Scheme 29). Product 
inhibition was observed when the enone product was added to reaction (Figure 16), suggesting a 
reversible cycloreversion step. These empirical data are consistent with the rate law (Equation 11) 




    (11) 
Scheme 29: Proposed mechanism of retro-[4+2]-cycloaddition reaction of dioxatitanacyclohexenes 
 
 
Figure 15: A natural log plot of the retro-[4+2]-
cycloaddition reaction showing the reaction is 
first order in titanacycle 16b. 
 
Figure 16: Inversed observed rate constants 
increase linearly with the enone/DMAP ratio, 
consistent with the rate law in Eq. 11. 
 










































      Hammett plots were constructed for substituents on each of the two phenyl rings while keeping the 
other ring as p-CF3C6H4; kinetics data are shown in Tables 11 and 12. Negative ρ values of –1.18 and –
1.09 were obtained when σ+ parameters were used (Figures 17a and 18a), similar to that previously 
obtained in the retro-[4+2]-cycloaddition reactions of azaoxazirconacyclohexenes.36 A plot of σp rather 
than σ+ does not give a linear correlation for substituents on allylic phenol ring but produces ρ values of -
2.07 with substituents on the enolic phenol ring (Figures 17b and 18b). The negative values indicate that 
positive charge is developed in the transition state and the small absolute values imply slight deviation 
from a synchronous retro-[4+2] cycloaddition. Another interpretation is an initial state effect where the 
dioxatitanacyclohexene complexes are stabilized by more electron withdrawing substituents. The more 
negative ρ value associated with the enolic phenyl ring is consistent with experimental observation that 
placing electron donating substituents on this ring increases reaction rate more than when it is placed on 
the other ring. 
Table 11: Observed reaction rates and Hammett plot data for reaction of DMAP and 
dioxatitanacyclobutene complex 16 with varying substituents on the enol phenyl ring (15f to 15j) 
 
R kobs run 1 (day-1) kobs run 2 (day-1) kobs average log (kR/kH) σ+ 
NMe2 (16g) 50.45 58.75 54.60 1.706 -1.7 
OMe (16h) 7.090 7.648 7.369 0.8368 -0.78 
H (16i) 1.045 1.100 1.073 0 0 
Br (16j) 0.4054 0.4164 0.4109 -0.4169 0.15 








Figure 17: Hammett plot for substituents on enolic phenol ring (16f to 16j) with σ+ (top) and σp (bottom). 
 
 
Table 12: Observed reaction rates and Hammett plot data for reaction of DMAP and 
dioxatitanacyclobutene complex 16 with varying substituents on the allyl phenyl ring (16b to 16f) 
 
R kobs run 1 (day-1) kobs run 2 (day-1) kobs average log (kR/kH) σ+ 
OMe (16b) 3.653 3.145 3.399 0.8545 -0.78 
Me (16c) 0.8075 0.8814 0.8445 0.2497 -0.31 
H (16d) 0.4956 0.4549 0.4752 0 0 
Cl (16e) 0.3169 0.3032 0.3100 -0.1855 0.11 





















































      In our efforts to develop a [Ti=O] catalyzed alkyne-aldehyde coupling reaction we have investigated 
the synthesis and reactivity of Ti–oxo complexes. We have demonstrated that pyridine N–oxide and 
styrene oxide are excellent alternatives to nitrous oxide as oxidants in the synthesis of monomeric 
titanocene–oxo complexes with high yield and simple operation. Titanocene–oxo complex bearing less 
bulky ligands than the Cp* have been successfully synthesized through judicious oxidants and solvents 
selection, and this new complex has been fully characterized. These methods should facilitate future 
research on these reactive oxo complexes. Further, our studies demonstrate that titantium–oxos 
undergo reversible cycloaddition reactions with alkynes, nitriles and α,β-unsaturated ketones to form 
isolable metallacycle products. Finally, the resulting titanacycles undergo cycloreversion at room 















































      The reactivity of these titanocene complexes differ significantly from those of analogous zirconocene 
complexes. Titanocene–oxos react preferably with terminal alkynes and nitriles to form four-membered 
metallacycles. The resulting titanacyclobutenes undergo retro-[2+2] cycloaddition reaction at room 
temperature, as evident by alkyne and nitrile exchange reactions. Zirconocene–oxo  complexes, on the 
other hand, react preferentially with internal alkynes and undergo double-insertion with benzonitrile to 
afford a six-membered metallacycle. The [2+2]-cycloaddition products, oxazirconacyclobutenes undergo 
facile aldehyde insertion to form dioxazirconacyclohexenes while oxatitanacyclobutenes react with 
aldehydes in a non-constructive fashion due to a combination of favorable retro-[2+2]-cycloaddition and 
reductive elimination of Cp* ligand. The facile reductive elimination of a Cp* ligand and a Ti–C bond from 
the titanacycles is a unique and fascinating reactivity of oxatitanacyclobutenes. These reactions 
proceeded readily at room temperature and with suitable choices of organic reacting partner, in our case 
aryl ketones, C–H, C–X, and C–C bond activation occur to generate novel titanium complexes such as 11, 
13, and 14.  In comparison, the Cp* ligand in oxazirconacyclobutenes only reacts at 160 ˚C and through 
C–H activation at one of the methyl groups. Finally, dioxametallacyclohexenes complexes of these two 
metals offer direct comparison in retro-[4+2]-cycloaddition. Titanocene metallacycles 16 and 17 undergo 
reaction at room temperature with high yields and recapture of the oxo complex while their zirconium 
counterparts require temperature above 120 ˚C to affect this transformation. In addition, stabilizing the 
reactive zirconocene oxo with dative ligands is difficult and chalcone has been used instead as trapping 
reagent, forming another dioxazirconacyclohexene.  
      These studies were undertaken with the eventual goal of developing a Ti-catalyzed alkyne-aldehyde 
coupling reaction for the synthesis of enones. Over the course of these experiments, we demonstrated 
that carbonyl insertion into titanacyclobutenes does not occur, rather an array of other reactions, 
including reductive elimination and retro-[2+2]-cycloaddition take place preferentially. This is especially 
unfortunate, as the [4+2]-retrocycloaddition from the dioxatitanacyclohexene is relatively facile, 
especially in comparison to the analogous zirconium complex.  
      In general, titanocene complexes are more reactive in both cycloaddition and retro-cycloaddition 
reactions, and less reactive in insertion reactions compared to zirconocene complexes. This difference in 
reactivity can be attributed to the more crowded metal center in titanocene complexes. These facile 





1.8 EXPERIMENTAL PROCEDURES 
      General Experimental Procedures: All reactions were carried out in oven-dried (at 140 ˚C, for at least 
4 hours) glassware under an atmosphere of nitrogen unless otherwise indicated. Air or moisture 
sensitive materials were synthesized and stored in a nitrogen filled glove box. Column chromatography 
was performed with silica gel from Grace Davison Discovery Sciences (35-75 μm), packed as a slurry and 
run under positive pressure. Analytical thin-layer chromatography (TLC) was performed on pre-coated 
glass silica gel plates with F-254 indicator purchased from EMD Chemicals Inc. Visualization was done by 
short wave (254 nm) ultraviolet light. Distillations were performed using a 3 cm short-path column either 
under reduced pressure or under positive pressure of nitrogen.  
      Instrumentation: 1H, 13C, and 19F NMR spectra were recorded on a Varian Unity 500 MHz (125 MHz 
for 13C, 470 MHz for 19F) spectrometer. Spectra were collected in CDCl3 or C6D6 and were referenced 
using residual protic solvent (1H NMR: 7.26, 13C NMR: 77.16 ppm for CDCl3, 1H NMR: 7.15, 13C NMR: 
128.06 ppm for C6D6). 19F NMR spectra were referenced internally using C6F6 (19F NMR: -163.04 ppm). 
Chemical shifts were reported in parts per million (ppm) and multiplicities are reported as follows: s 
(singlet), d (doublet), t (triplet), q (quartet), p (pentet), and m (multiplet). Coupling constants (J) are 
reported in Hertz and integrations are provided. High Resolution Mass Spectrometry was performed at 
the School of Chemical Sciences Mass Spectrometry Laboratory located at the University of Illinois at 
Urbana-Champaign. X-Ray crystallography was done at the George L. Clark X-Ray Facility and 3M 
Materials Laboratory at the University of Illinois at Urbana-Champaign. Microanalysis was performed at 
the School of Chemical Sciences Microanalysis Laboratory located at the University of Illinois at Urbana-
Champaign. Bulk purity of samples is represented by 1H, 13C and 19F NMR spectra.  
      Materials: Solvents used for extraction, column chromatography and recrystallizations of air stable 
materials were reagent grade and used as received. Solvents for reactions, extractions and 
recrystallizations of air and water sensitive materials were dried on a Pure Process Technology Glass S3 
Contour Solvent Purification system equipped with activated stainless steel columns following 
manufacture’s recommendations for solvent preparation and dispensing. Solvents were then further 
dried by storing over 4 Å molecular sieves which had been activated by heating to 200 °C under dynamic 
vacuum for at least 24 h. Pyridine, 3,5-lutidine, phenylacetylene, hexafluorobenzene, styrene oxide, 
2,2,2,-trifluoroacetophenone  were distilled under an atmosphere of nitrogen, transferred to a nitrogen 
filled glove box and stored over activated molecular sieves for at least 24 h prior to use. C6D6 was 
degassed by freeze-pump-thaw cycles and stored in a nitrogen filled glove box and dried over activated 
molecular sieves for at least 24 h prior to use. (TiCl3)3AlCl3, diphenylacetylene (Alfa Aesar), C2H4 
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(Speciality Gases of America), n-BuLi, 1-phenyl-1-propyne, 3-phenyl-1-propyne, chalcone, benzonitrile 
and derivatives, bromobenzene-d5, 4,4’-bismethoxybenzophenone, 4-methoxyphenyl cyclopropyl 
ketone (Aldrich), DMAP (ACROS Organic), 4’-methoxyphenylacetylene, 4’-fluorophenylacetylene, 2-
bromoiodobenzene (Oakwook Chemical) were used as received. Pentamethylcyclopentadiene was 
obtained from Boulder Scientific and distilled prior to use. Lithium cyclopentadienides were prepared by 
dissolving the corresponding cyclopentadiene in hexane followed by slow addition of 1.1 equivalent of 
1.6 M n-BuLi in hexane (Aldrich) at 0 °C. The mixture was allowed to warm up to room temperature over 
night with stirring. The product was collected by filtration, washed with hexane and dried under vacuum. 
The following compounds were synthesized by literature procedures: TiCl3(THF)3, 3,5-lutidine-N-oxide, 
3,5-bis(trifluoromethyl)phenylacetylene, deuterated phenylacetylene PhCCD and pentadeutero 
phenylacetylene C6D5-CCH, 2-deuterobromobenzene, trichloroacetophenone, chalcone derivatives 15b 
to 15j. 
Bis(pentamethylcyclopentadienyl)titanium(IV)dichloride. In a glovebox, TiCl3(THF)3 (5.03 g, 13.58 mmol, 
1.0 equiv.), Cp*Li (4.82 g, 33.9 mmol, 2.5 equiv.) and THF (60 mL) were combined in a 250 mL round-
bottomed, thick wall vessel. The vessel was sealed with a screwed cap and the reaction was heated at 
reflux overnight in a fume hood. Reaction was allowed to cool to room temperature then further cooled 
in an ice bath. Concentrated HCl (55 mL) was added with stirring, the reaction mixture went from purple 
blue to reddish brown. The mixture was extracted with chloroform (3 x 60 mL), dried over anhydrous 
magnesium sulfate, filtered and evaporated to dryness. The dark brown solid residue was dissolved in 
chloroform (30-40 mL) in a 500 mL beaker, and then methanol (300 mL) was carefully layered on top of 
this solution. After a day or two at room temperature, large needles of Cp*2TiCl2 formed and were 
collected by filtration, washed with methanol and dried under vacuum. Dark, reddish purple long 
needles, 3.59 g, 68% yield. 1H NMR (500 MHz, Chloroform-d) δ 2.00 (s, 30H). 13C NMR (126 MHz, 
Chloroform-d) δ 128.64 , 13.06 .  
Bis(tetramethylcyclopentadienyl)titanium(IV)dichloride Cp’2TiCl2: this complex was prepared following 
the procedure described above for Cp*2TiCl2 using TiCl3(THF)3 and Cp’Li. Dark red flakes, 65% yield. 1H 
NMR (500 MHz, Chloroform-d) δ 6.00 (s, 2H), 2.05 (s, 12H), 1.90 (s, 12H). 13C NMR (126 MHz, 
Chloroform-d) δ 135.89 , 125.22 , 113.19 , 14.98 , 13.20. 
Bis(pentamethylcyclopentadienyl)titanium ethylene Cp*2Ti(C2H4) (1): In a 250 mL Schlenk flask 
containing a magnetic stir bar and nitrogen inlet was combined Cp*2TiCl2 (1.97g, 5.06 mmol, 1.0 equiv) 
and toluene (60 mL). To the reaction mixture, a 1.5 M solution of n-BuLi in hexane (7.4 ml, 2.2 equiv) was 
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added over 30 minutes at -78 °C and stirred for one hour. The headspace was quickly evacuated and put 
under static vacuum, then an ethylene balloon was attached. After removal of the balloon, the cooling 
bath was removed and reaction was allowed to warm up to room temperature. The reaction was 
accompanied by generation of gas and a color change from red to brownish green. After 48 hours, all 
volatiles were removed under vacuum and the resulting brownish green residue was taken up in hexane 
and filtered. The filtrate was evaporated to dryness and the resulting green solid was washed with cold 
pentane. Green crystalline solid, 1.4 g, 80% yield. 1H NMR (500 MHz, Benzene-d6) δ 2.04 (s, 4H), 1.68 (s, 
30H). 13C NMR (126 MHz, Benzene-d6) δ 119.75 , 104.96 , 11.84 . 
Bis(pentamethylcyclopentadienyl)titanium(IV) oxo Cp*2Ti=O(py) (2a): In a glovebox, titanocene–
ethylene complex 1 (0.5 g, 1.45 mmol, 1.0 equiv) was dissolved in THF (10 mL) in a 100 mL round bottom 
flask containing a magnetic stir bar. To this solution, pyridine (0.23 mL, 2.89 mmol, 2.0 equiv) was added 
and stirred for 30 minutes before a solution of pyridine N–oxide (1.45 mmol, 1.0 equiv) in THF (2.0 mL) 
was added drop wise. Reaction mixture was stirred at room temperature for 5 hours, then all volatiles 
were removed under vacuum, resulting in a yellow solid. This solid was scrapped onto a fritted funnel 
and washed with hexane giving the product as a yellow solid, 0.48 g, 80% yield. 1H NMR (500 MHz, 
Benzene-d6) δ 8.91 (s, broad, 1H), 7.50 (s, broad, 1H), 6.75 (t, 3JHH = 7.5 Hz, 1H), 6.46 (dd, 3JHH = 7.4 Hz, 
3JHH = 6.6 Hz, 2H), 1.86 (s, 30H). 13C NMR (126 MHz, Benzene-d6) δ 156.48 , 150.01 , 136.46 , 124.66 , 
122.57 , 117.13 , 12.06 . 
Bis(pentamethylcyclopentadienyl)titanium(IV) oxo 𝐂𝐩𝟐
∗ Ti=O(3,5-lutidine) (2b): 2b was prepared 
following the procedure described above for 2a, using 1 (1.0 equiv), 3,5-lutidine (2.3 equiv), and 3,5-
lutidine N–oxide (1.0 equiv). Light orange solid, 84% yield. 1H NMR (500 MHz, Benzene-d6) δ 8.70 (s, 1H), 
7.29 (s, 1H), 6.50 (s, 1H), 1.91 (s, 30H), 1.81 (s, 3H), 1.64 (s, 3H).13C NMR (126 MHz, Benzene-d6) δ 153.54 
, 147.90 , 138.00 , 134.40 , 131.49 , 117.06 , 17.89 , 17.61 , 12.10. Anal. Calcd for C27H39NOTi: C, 73.46; H, 
8.90; N, 3.17. Found: C, 73.05; H, 8.78; N, 3.46 . 
Bis(pentamethylcyclopentadienyl)titanium(IV) oxo 𝐂𝐩𝟐
∗ Ti=O(DMAP) (2c): titanocene–oxo complex 2a 
(0.1 g, 0.242mmol, 1.0 equiv) was dissolved in toluene (4 mL) in a 20 mL scintillation vial containing a 
magnetic stirbar. DMAP (29 mg, 0.242 mmol, 1.0 equiv) was added with stirring. The reaction was stirred 
at room temperature for 2 hours and the product was collected by filtration as a light yellow solid, 99 
mg, 90% yield. 1H NMR (500 MHz, Benzene-d6) δ 8.70 (d, 3JHH = 6.6 Hz, 1H), 7.34 (d, 3JHH = 6.5 Hz, 1H), 
5.82 (m, 2H), 2.03 (s, 30H), 2.02 (s, 6H). Low solubility did not allow for a 13C NMR. Anal. Calcd for 
C27H40N2OTi: C, 71.04; H, 8.83; N, 6.14. Found: C,70.96; H, 8.69; N, 6.22 . 
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Bis(tetramethylcyclopentadienyl)titanium ethylene Cp’2Ti(C2H4) (3): 3 was prepared following the 
procedure described for 1 starting with Cp’2TiCl2. Green crystalline solid, 69% yield. 1H NMR (500 MHz, 
Benzene-d6) δ 4.10 (s, 2H), 2.44 (s, 12H), 2.03 (s, 4H), 1.07 (s, 12H).13C NMR (126 MHz, Benzene-d6) δ 
123.91 , 119.05 , 111.91 , 102.69, 13.48, 12.65. Anal. Calcd for C20H30Ti: C, 75.46;H, 9.50. Found: C, 75.21; 
H, 9.50 . 
Bis(tetramethylcyclopentadienyl)titanium(IV) oxo Cp’2Ti=O(py) (4a): titanocene–ethylene complex 3 
(0.92 g, 2.89 mmol, 1.0 equiv) was dissolved in n-hexane (28 mL) in a 100 mL round bottom flask 
containing a magnetic stir bar, followed by addition of pyridine (0.56 mL, 6.94 mmol, 2.4 equiv) and 
stirred for 30 minutes. A solution of styrene oxide (0.33 mL, 2.89 mmol, 1.0 equiv) in hexane (2 mL) was 
added dropwise. The reaction mixture gradually turned dark yellow with formation of solid particles. 
Reaction mixture was stirred overnight and a yellow powder product was collected by filtration and 
washed with cold pentane. Yellow solid, 0.67 g, 60% yield. 1H NMR (500 MHz, Benzene-d6) δ 8.96 (d, 3JHH 
= 5.9 Hz, 1H), 7.53 (d, 3JHH = 5.8 Hz, 1H), 6.72 (t, 3JHH = 7.7 Hz, 1H), 6.41 (m, 2H), 5.45 (s, 2H), 2.31 (s, 6H), 
2.20 (s, 6H), 1.64 (s, 6H), 1.41 (s, 6H). 13C NMR (126 MHz, Benzene-d6) δ 156.93 , 149.95 , 136.80 , 124.86 
, 122.92 , 121.64 , 120.06 , 116.91 , 112.05 , 110.02 , 14.86 , 13.19 , 12.11 , 11.18 . Anal. Calcd for 
C23H31NOTi: C, 71.68; H, 8.11; N, 3.63. Found: C, 71.43; H, 7.99; N, 3.34 . 
Bis(tetramethylcyclopentadienyl)titanium(IV) oxo Cp’2Ti=O(3,5-lutidine) (4b): 4b was prepared 
following the procedure described for 4a, starting with 3, 3,5-lutidine and styrene oxide. Yellow solid, 
62% yield. 1H NMR (500 MHz, Benzene-d6) δ 8.77 (s, 1H), 7.37 (s, 1H), 6.48 (s, 1H), 5.52 (s, 2H), 2.36 (s, 
6H), 2.24 (s, 6H), 1.76 (s, 3H), 1.72 (s, 6H), 1.60 (s, 3H), 1.44 (s, 6H).13C NMR (126 MHz, Benzene-d6) δ 
154.04 , 147.67 , 138.37 , 134.62 , 131.99 , 121.40 , 120.09 , 116.65 , 112.03 , 109.96 , 17.84 , 17.64 , 
14.92 , 13.27 , 12.14 , 11.20 . Anal. Calcd for C25H35NOTi: C, 72.63; H, 8.53; N, 3.39. Found: C, 72.68; H, 
8.52; N, 3.61 . 
Bis(tetramethylcyclopentadienyl)titanium(IV) oxo Cp’2Ti=O(DMAP) (4c): 4c was prepared following the 
procedure described for 2c, starting with 4a and DMAP. Light yellow solid, 79% yield. 1H NMR (500 MHz, 
Benzene-d6) δ 8.72 (d, 3JHH = 6.5 Hz, 1H), 7.37 (d, 3JHH = 6.4 Hz, 1H), 5.79 (m, 2H), 5.58 (s, 2H), 2.41 (s, 6H), 
2.33 (s, 6H), 2.02 (s, 6H), 1.86 (s, 6H), 1.67 (s, 6H). Low solubility did not allow for 13C NMR. Anal. Calcd 
for C25H36N2OTi: C, 70.09; H, 8.47; N, 6.54. Found: C, 70.18; H, 8.24; N, 6.63 . 
Bis(pentamethylcyclopentadienyl)phenyloxatitanacyclobutene Cp*2Ti[OC(Ph)CH] (5a): To a 20 mL 
scintillation vial was added titanocene–oxo 2a (330 mg, 0.80 mmol, 1.0 equiv), toluene (5 mL) and a 
magnetic stir bar. Phenylacetylene (105 μL, 0.96 mmol, 1.2 equiv) was added dropwise with stirring; 
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immediate color change from orange to green was observed. Reaction mixture was stirred at room 
temperature for 2 hours before all volatiles were removed under vacuum. The dark green residue was 
taken up in hexane, filtered to remove any solid. The filtrate was concentrated and cooled to -30 ˚C 
overnight, affording dark green crystals. Product was collected by filtration, washed with cold hexane 
and dried under vacuum overnight, 331 mg, 95% yield. 1H NMR (500 MHz, Benzene-d6) δ 8.01 (dd, 3JHH = 
8.2 Hz, 5JHH = 1.5 Hz, 2H), 7.67 (s, 1H), 7.30 (dd, 3JHH = 8.0 Hz, 3JHH = 7.6 Hz, 2H), 7.12 (tt, 3JHH = 7.3 Hz, 5JHH 
= 1.3 Hz, 1H), 1.71 (s, 30H) . 13C NMR (126 MHz, Benzene-d6) δ 167.24 , 135.68 , 128.30 , 126.53 , 125.23 
, 121.45 , 11.63 . One signal is underneath solvent peaks.  
Bis(pentamethylcyclopentadienyl)(4-methoxyphenyl)oxatitanacyclobutene Cp*2Ti[OC(4-OMe-C6H4)CH] 
(5b): 5b was prepared following the procedure described for 6a, starting with 2a and 4-
methoxyphenylacetylene. Dark green solid, 92% yield. 1H NMR (500 MHz, Benzene-d6) δ 7.94 (d, 3JHH = 
9.0 Hz, 2H), 7.60 (s, 1H), 6.93 (d, 3JHH = 8.8 Hz, 2H), 3.34 (s, 3H), 1.75 (s, 30H). 13C NMR (126 MHz, 
Benzene-d6) δ 166.19, 159.32, 126.40, 121.37, 113.98, 54.82, 11.65 , two signals are underneath solvent 
peaks. HRMS (ESI) calculated for C29H38O2Ti: 467.2430 [MH]+ found: 467.2433 .  
Bis(pentamethylcyclopentadienyl)[3,5-bis(trifluoromethyl)phenyl]oxatitanacyclobutene Cp*2Ti[OC(3,5-
(CF3)2-C6H3)CH] (5c): 5c was prepared following the procedure described for 5a, starting with 2a and 3,5-
bis(trifluoromethyl)phenylacetylene. Dark green solid, 88% yield. 1H NMR (500 MHz, Benzene-d6) δ 8.44 
(s, 2H), 7.69 (s, 1H), 7.58 (s, 1H), 1.57 (s, 30H). 13C NMR (126 MHz, Benzene-d6) δ 168.64, 138.48, 131.72 
(q, 2JCF = 32.6 Hz), 126.97, 124.57 (q, 1JCF = 273.4 Hz), 124.33 (q, 3JCF = 3.9 Hz), 122.17, 119.36 (hept, 3JCF = 
3.9 Hz), 11.47.19F NMR (470 MHz, Benzene-d6) δ -62.92 . HRMS (ESI) calculated for C30H34F6OTi: 573.2071 
[MH]+ found: 573.2072. Anal. Calcd for C30H34F6OTi: C, 62.94; H, 5.99. Found: C, 62.79; H, 6.00. 
Bis(pentamethylcyclopentadienyl)(4-fluorophenyl)oxatitanacyclobutene Cp*2Ti[OC(4-F-C6H4)CH] (5d): 
5d was prepared following the procedure described for 5a, starting with 2a and 4-fluorophenylacetylene. 
Dark green solid, 70% yield. 1H NMR (500 MHz, Benzene-d6) δ 7.80 (dd, 3JHH = 8.8 Hz, 4JHF = 5.6 Hz, 2H), 
7.50 (s, 1H), 6.95 (t, J = 8.8 Hz, 2H), 1.70 (s, 30H). 13C NMR (126 MHz, Benzene-d6) δ 166.20 (d, 4JCF = 2.2 
Hz), 163.54 , 161.60 , 131.91 (d, 3JCF = 2.8 Hz), 126.57 (d, 2JCF = 7.6 Hz), 121.56 , 115.03 (d, 1JCF = 21.3 Hz), 
11.59 . 19F NMR (470 MHz, Benzene-d6) δ -117.66 . HRMS (ESI) calculated for C28H35FOTi: 455.2230 [MH]+ 
found: 455.2225 .  
Bis(pentamethylcyclopentadienyl)phenyloxatitanacyclobutene Cp*2Ti[OC(Ph)CD] (5f): 5f was prepared 
following the procedure described for 5a, starting with 2a and deuterated phenyl acetylene PhCCD. Dark 
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green solid, 94% yield. 1H NMR (500 MHz, Benzene-d6) δ 8.00 (dd 3JHH = 8.3 Hz, 4JHH = 1.3 Hz, 2H), 7.30 (t, 
3JHH = 7.7 Hz, 2H), 7.12 (tt, 3JHH = 7.3 Hz, 4JHH = 1.3 Hz, 1H), 1.71 (s, 30H). 
2H NMR (77 MHz, Benzene-d6) δ 7.70 (s, 1H). 
13C NMR (126 MHz, Benzene-d6) δ 166.82 (t, 1JCD = 25.7 Hz), 135.65, 128.29, 126.51, 125.22, 121.44, 
11.63. One signal is underneath solvent peaks. 
HRMS (ESI) calculated for C28H35DOTi: 438.2387  [MH]+ found: 438.2397. 
Bis(pentamethylcyclopentadienyl)phenyloxatitanacyclobutene Cp*2Ti[OC(C6D5)CH] (5g): 5g was 
prepared following the procedure described for 5a, starting with 2a and penta-deuterated phenyl 
acetylene (C6D5)CCH. Dark green solid, 85% yield. 1H NMR (500 MHz, Benzene-d6) δ 7.67 (s, 1H), 1.71 (s, 
30H). 
2H NMR (77 MHz, Benzene-d6) δ 8.00 (s, 1H), 7.29 (s, 1H). One peak overlaps with solvent peak 
13C NMR (126 MHz, Benzene-d6) δ 167.23, 135.51, 125.98 (t, 1JCD = 23.9 Hz ), 124.80 (t, 1JCD = 24.3 Hz), 
121.44, 11.64, two signals are underneath solvent peaks. 
HRMS (ESI) calculated for C28H31D5OTi: 442.2638  [MH]+ found: 442.2632. 
Bis(pentamethylcyclopentadienyl)phenyloxatitanacyclobutene Cp*2Ti[OC(2-D-C6H4)CH] (5h): 5h was 
prepared following the procedure described for 5a, starting with 2a and ortho-deuterated phenyl 
acetylene (2-D-C6H4)CCH. Dark green solid, 83% yield. 1H NMR (500 MHz, Benzene-d6) δ 8.00 (dd, 3JHH = 
8.2 Hz, 4JHH = 1.3 Hz, 1H), 7.66 (s, 1H), 7.30 (m, 2H), 7.12 (td, 3JHH = 7.3 Hz, 4JHH = 1.3 Hz, 1H), 1.71 (s, 30H). 
2H NMR (77 MHz, Benzene-d6) δ 8.00 (s, 1H). 
13C NMR (126 MHz, Benzene-d6) δ 167.24, 135.59, 126.51, 125.21, 121.44, 11.63 , two signals including 
the deuterated carbon are underneath solvent peaks.  
HRMS (ESI) calculated for C28H35DOTi: 438.2387  [MH]+ found: 438.2388. 
Bis(tetramethylcyclopentadienyl)[3,5-bis(trifluoromethyl)phenyl]oxatitanacyclobutene Cp’2Ti[OC(3,5-
(CF3)2-C6H3)CH] (6a): 6a was prepared following the procedure described for 5a, starting with 4a and 3,5-
bis(trifluoromethyl)phenylacetylene. Dark green solid, 94% yield. 1H NMR (500 MHz, Benzene-d6) δ 8.43 
(s, 2H), 7.70 (s, 1H), 7.59 (s, 1H), 5.37 (s, 2H), 1.72 (s, 6H), 1.51 (s, 6H), 1.50 (s, 6H), 1.40 (s, 6H). 13C NMR 
(126 MHz, Benzene-d6) δ 167.62 , 138.11 , 131.73 (q, 2JCF = 32.6 Hz), 129.25 , 127.98 , 127.70 , 124.58 (q, 
3JCF = 3.8 Hz), 124.51 (q, 1JCF = 273.29 Hz), 120.60 , 119.75 (hept, 3JCF = 3.9 Hz), 119.34 , 111.02 , 13.63 , 
13.49 , 11.96 , 10.81 . 19F NMR (470 MHz, Benzene-d6) δ -62.94 . HRMS (ESI) calculated for C28H30F6OTi: 
545.1759 [MH]+ found: 545.1750. Anal. Calcd for C28H30F6OTi: C, 61.78; H, 5.55. Found: C, 61.36; H, 5.48. 
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Cp*2Ti[OC(CH3)C(C6H5)] (7a): In a glovebox, titanium–oxo complex 2b (213 mg, 0.484 mmol, 1.0 equiv) 
and 1-phenyl-1-propyne (243 μL, 1.94 mmol, 4.0 equiv) were dissolved in toluene (5 mL) in a 20 mL 
scintillation vial containing a magnetic stirbar. The vial was sealed with a teflon-lined screw cap and 
heated at 60 °C for 3 days. All volatiles were then removed under vacuum, resulting in a dark brown oily 
residue. This residue was dissolved in pentane (2.0 mL) and kept at -30 °C for 3 days affording light 
brown crystals. Product was collected by filtration, washed with cold pentane and dried under vacuum. 
Light brown solid, 109 mg, 50% yield. 1H NMR (500 MHz, Benzene-d6) δ 7.31 (dd, 3JHH = 8.3, 7.3 Hz, 2H), 
6.99 (tt, 3JHH = 7.3 Hz, 4JHH = 1.3 Hz, 1H), 6.97 (dd, 3JHH = 7.4 Hz, 4JHH = 1.4 Hz, 2H), 2.28 (s, 3H), 1.73 (s, 
30H). 13C NMR (126 MHz, Benzene-d6) δ 169.05 , 143.70 , 128.49 , 128.04 , 127.22 , 122.38 , 121.95 , 
18.73 , 11.97 . HRMS (ESI) calculated for C29H38OTi: 450.2402 [M]+ found: 450.2405. 
Cp*2Ti[OC(C6H5)C(C6H5)] (7b): 7b was prepared following the procedure described for 7a, starting with 
2b and diphenylacetylene. Dark brown solid, 43% yield. 1H NMR (500 MHz, Benzene-d6) δ 8.02 (dd, 3JHH = 
8.3 Hz, 4JHH = 1.4 Hz 2H), 7.17 (m, 2H), 7.14 (m, 2H), 7.07 (m, 3H), 6.91 (tt, J = 7.3, 1.3 Hz, 1H), 1.73 (s, 
30H). 13C NMR (126 MHz, Benzene-d6) δ 170.62 , 143.44 , 136.36 , 131.96 , 128.98 , 128.73 , 128.17 , 
127.06 , 126.41 , 122.86 , 122.74 , 11.92 .  
Cp*2Ti[OC(3-Br-C6H4)N] (8a): To a 20 mL scintillation vial was added titanocene–oxo 2b (168 mg, 0.38 
mmol, 1.0 equiv), toluene (3 mL) and a magnetic stir bar. 3-bromobenzonitrile (173 mg, 0.95 mmol, 2.5 
equiv) was added with stirring; immediate color change from orange to red was observed. Reaction was 
stirred at room temperature overnight, then kept at -30 °C for 3 hours. Product was collected by 
filtration, washed with cold hexane and dried under vacuum. Red powder, 161 mg, 82% yield. 1H NMR 
(500 MHz, Benzene-d6) δ 8.79 (s, 1H), 8.34 (d, 3JHH = 8.0 Hz, 1H), 7.32 (d, 3JHH = 8.0 Hz, 1H), 6.92 (t, 3JHH = 
7.8 Hz, 1H), 1.68 (s, 30H). 13C NMR (126 MHz, Benzene-d6) δ 143.53 , 137.85 , 132.00 , 130.24 , 129.97 , 
125.76 , 123.61 , 122.94 , 11.38.  
Cp*2Ti[OC(3,5(CF3)2-C6H3)N] (8b): 8b was prepared following the procedure described for 8a, starting 
with 2b and one equivalent of 3,5-bis(trifluoromethyl)benzonitrile. Red powder, 85% yield. 1H NMR (500 
MHz, Benzene-d6) δ 8.99 (s, 2H), 7.83 (d, 1H), 1.62 (s, 30H). 13C NMR (126 MHz, Benzene-d6) δ 142.53 , 
138.18 , 131.81 (q, 2JCF = 33.1 Hz), 126.89 (q, 3JCF = 4.3 Hz), 124.33 (q, 1JCF = 273.42 Hz), 124.08 , 122.25 
(hept, 3JCF = 3.9 Hz), 11.29 . 19F NMR (470 MHz, Benzene-d6) δ -62.86.  
Cp*2Ti[OC(3,5-F2-C6H3)N] (8c): 8c was prepared following the procedure described for 8a, starting with 
2b and one equivalent of 3,5-difluorobenzonitrile. Red powder, 84% yield. 1H NMR (500 MHz, Benzene-
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d6) δ 8.07 (m, 2H), 6.57 (tt, J = 8.9, 2.5 Hz, 1H), 1.65 (s, 30H). 13C NMR was not obtained due to low 
solubility. 8c was also less stable than 8a and 8b, as its proton NMR showed decomposed product(s) 
after just one day.  
Cp*2Ti[OC(3,5(CF3)2-C6H3)N] (9): To a 20 mL scintillation vial was added benzophenone imine (51 mg, 
0.28 mmol, 1.0 equiv), titanocene–oxo 2b (150 mg, 0.34 mmol, 1.2 equiv), toluene (1.4 mL) and a 
magnetic stir bar. The resulting reddish orange solution was stirred for 24 h at room temperature before 
all volatiles were removed under vacuum. The orange red residue was taken up in hexane, filtered to 
remove excess 2b. The filtrate was evaporated to yield 9 as a very dense red oil, 117 mg, 81% yield. A 
small amount of benzophenone imine proved to be difficult to remove from this oil. 1H NMR (500 MHz, 
Benzene-d6) δ 7.65 (ddt, J = 13.8, 6.0, 1.4 Hz, 4H), 7.20 (td, J = 7.6, 6.1 Hz, 4H), 7.12 (m, 2H), 3.54 (s, 1H), 
1.76 (s, 30H). 13C NMR (126 MHz, Benzene-d6) δ 129.54 , 128.64 , 127.99 , 127.79 , 119.54 , 11.88 . 
C–H activation product 11a: To a 20 mL scintillation vial was added oxatitanacyclobutene 5a (0.22 
mmol, 1.0 equiv), 4,4’-bismethoxybenzophenone (0.21 mmol, 0.95 equiv), toluene (3.0 mL) and a 
magnetic stir bar. Reaction was stirred at room temperature overnight before solvent was removed 
under vacuum; the resulting red residue was taken up in hexane and filtered to remove any solid. The 
filtrate was evaporated to dryness and recrystallized from pentane. Light orange brown solid, 51% yield. 
1H NMR (500 MHz, Benzene-d6) δ 7.37 (d, 3JHH = 8.6 Hz, 2H), 7.27 (dd, 3JHH = 6.5 Hz, 4JHH 2.0 Hz, 1H), 7.23 
(d, 3JHH = 9.0 Hz, 2H), 6.92 (m, 3H), 6.84 (d, 3JHH = 9.0 Hz, 2H), 6.73 (d, 3JHH = 8.6 Hz, 1H), 6.56 (s, 1H), 4.71 
(s, 1H), 3.29 (s, 3H), 3.25 (s, 3H), 1.99 (s, 3H), 1.98 (s, 3H), 1.85 (s, 6H), 1.82 (s, 15H), 1.44 (s, 3H). 
13C NMR (126 MHz, Benzene-d6) δ 196.31, 159.29, 159.28, 158.45, 158.03, 144.22, 143.09, 138.48, 
138.37, 132.44, 132.39, 131.85, 128.11, 127.72, 126.59, 125.31, 125.19, 123.15, 114.04, 113.87, 99.75, 
87.61, 57.74, 54.76, 54.74, 22.36, 11.53, 11.49, 11.40, 11.12, 10.94. 
HRMS (ESI) calculated for C43H50O4Ti: 679.3267 [MH]+ Found: 679.3271. 
C–H activation product 11b: 11b was prepared following the procedure described for 11a above, 
starting with complex 5b and 4,4’-bismethoxybenzophenone. Light brown solid, 74% yield. 1H NMR (500 
MHz, Benzene-d6) δ 7.40 (d, 3JHH = 8.2 Hz, 2H), 7.26 (d, 3JHH = 8.0 Hz, 1H), 7.25 (d, 3JHH = 8.1 Hz, 2H), 6.85 
(d, 3JHH = 8.5 Hz, 2H), 6.74 (d, 3JHH = 8.0 Hz, 2H), 6.58 (d, 4JHH = 2.0 Hz, 1H), 6.56 (s, 1H), 6.55 (dd, 3JHH =  7.8 
Hz, 4JHH = 2.1 Hz, 1H), 4.62 (s, 1H), 3.37 (s, 3H), 3.29 (s, 3H), 3.25 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H), 1.86 (s, 
6H), 1.84 (s, 15H), 1.46 (s, 3H). 
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13C NMR (126 MHz, Benzene-d6) δ 196.79, 159.28, 158.14, 157.15, 150.72, 144.35, 143.28, 138.46, 
138.38, 132.21, 131.71, 128.24, 127.70, 125.19, 123.94, 116.77, 114.04, 113.85, 113.05, 98.07, 87.62, 
57.77, 54.76, 54.72, 54.65, 22.47, 11.53, 11.51, 11.41, 11.16, 10.98  
Calcd for C44H52O5Ti: C, 74.56; H, 7.39. Found: C, 73.89 ; H, 7.43. 
HRMS (ESI) calculated for C44H52O5Ti: 709.3372 [MH]+ found: 709.3359. 
Pinacol-type reductive elimination product 12: To a 20 mL scintillation vial was added 5c (0.27 mmol, 
1.0 equiv), 4,4’-bismethoxybenzophenone (0.49 mmol, 1.8 equiv), toluene (4.0 mL) and a magnetic stir 
bar. Reaction mixture was stirred at room temperature overnight before solvent was removed under 
vacuum. The resulting solid was stirred thoroughly with hexane. Product was collected by filtration, 
washed with hexane and dried under vacuum overnight. 12 was isolated as a toluene solvated complex, 
light orange solid, 75% yield.  
1H NMR (500 MHz, Benzene-d6) δ 7.68 (d, 3JHH = 8.2 Hz, 2H), 7.54 (s, 3H), 7.49 (d, 3JHH = 8.4 Hz, 2H), 7.38 
(d, 3JHH = 8.0 Hz, 2H), 7.37 (d, 3JHH = 8.6 Hz, 2H), 6.85 (d, 3JHH = 8.0 Hz, 2H), 6.70 (d, 3JHH = 8.3 Hz, 2H), 6.62 
(d, 3JHH = 8.5 Hz, 2H), 6.46 (d, 3JHH = 8.7 Hz, 2H), 4.49 (s, 1H), 3.34 (s, 3H), 3.23 (s, 3H), 3.21 (s, 3H), 2.95 (s, 
3H), 2.17 (s, 3H), 1.97 (s, with a shoulder at 1.98, integrate together to 18H), 1.95 (s, 3H), 1.83 (s, 3H), 
1.79 (s, 3H). 
13C NMR (126 MHz, Benzene-d6) δ 159.14, 158.88, 158.48, 158.44, 158.29, 144.32, 144.00, 142.86, 
141.04, 140.49, 140.04, 139.46, 132.50, 132.46, 131.86, 131.27 (q, 2JCF = 33.0 Hz), 130.79, 130.26, 
126.73, 125.74 (m), 123.96 (q, 1JCF = 273.7 Hz), 120.37 (m), 117.52, 115.22, 113.72, 112.75, 112.63, 
112.28, 112.08, 109.84, 60.30, 54.71, 54.67, 54.62, 54.27, 19.08, 12.27, 11.86, 11.57, 11.51, 11.38.  
19F NMR (470 MHz, Benzene-d6) δ -62.36. 
Calcd for C60H62F6O7Ti•(1/2)C7H8 : C, 69.09; H, 5.98. Found: C, 69.05; H, 5.98. 
C–F activation product 13a: To a 20 mL scintillation vial was added 5b (0.32 mmol, 1.0 equiv), hexane 
(4.0 mL) and a magnetic stir bar. Trifluoroacetophenone (0.35mmol, 1.09 equiv) was added dropwise 
with stirring; a color change from green to yellow was observed and yellow solid gradually crashed out 
of solution. Reaction mixture was stirred at room temperature for 3 hours then cooled to -30 ˚C for 2 
hours. Product was collected by filtration, washed with cold hexane and dried under vacuum overnight. 
Yellow solid, 83% yield. 
1H NMR (500 MHz, Benzene-d6) δ 7.77 (dd, 3JHH = 8.5 Hz, 4JHH = 1.3 Hz, 2H), 7.53 (d, 3JHH = 8.7 Hz, 2H), 
7.20 (dd, 3JHH = 8.4 Hz, 3JHH = 7.5 Hz, 2H), 7.02 (tt, 3JHH = 7.4 Hz, 4JHH = 1.3 Hz, 1H), 6.84 (d, 3JHH = 8.7 Hz, 
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2H), 4.43 (s, 1H), 3.32 (s, 3H), 1.98 (s, 3H), 1.96 (s, 3H), 1.84 (s, 3H), 1.79 (s, 3H), 1.76 (s, 15H), 1.55 (s, 
3H). 
13C NMR (126 MHz, Benzene-d6) δ 161.68, 159.81, 156.71, 154.42, 152.12, 143.40, 142.56, 134.87, 
133.89 (dd, 3JCF = 7.7, 2.0 Hz), 133.43, 133.35, 128.62, 127.86, 126.70 (dd, 2JCF = 6.9, 3.5 Hz), 125.08 (dd, 
1JCF = 34.6, 18.2 Hz), 113.85, 110.37, 58.82, 54.84, 20.91, 11.53, 11.48, 11.01, 10.97, 10.89. 
19F NMR (470 MHz, Benzene-d6) δ -81.22, -99.73 (d, 2JFF = 65.8 Hz), -115.84 (d, 2JFF = 66.4 Hz). 
Calcd for C37H43F3O3Ti: C, 69.37; H, 6.77. Found: C, 69.13; H, 6.57. 
 C–Cl activation product 13b: To a 20 mL scintillation vial was added 5b (0.21 mmol, 1.0 equiv), pentane 
(2.6 mL) and a magnetic stir bar. Trichlororoacetophenone (0.23mmol, 1.09 equiv) was added dropwise 
with stirring; a color change from green to dark brown was observed and solid gradually crashed out of 
solution. Reaction mixture was stirred at room temperature for 2 hours. Product was collected by 
filtration, washed with cold pentane and dried under vacuum overnight. Reddish orange solid, 51% 
yield. 
1H NMR (500 MHz, Benzene-d6) δ 7.46 (d, 3JHH = 7.8 Hz, 2H), 7.43 (d, 3JHH = 8.7 Hz, 2H), 7.13 (t, 3JHH = 7.7 
Hz, 2H), 7.03 (t, 3JHH = 7.5 Hz, 1H), 6.70 (d, 3JHH = 8.7 Hz, 2H), 4.37 (s, 1H), 3.29 (s, 3H), 2.03 (s, 3H), 1.98 
(s, 3H), 1.80 (s, 15H), 1.79 (s, 3H), 1.75 (s, 3H), 1.59 (s, 3H). 
13C NMR (126 MHz, Benzene-d6) δ 163.18, 159.76, 158.80, 143.25, 142.77, 136.32, 134.76, 133.64, 
130.13, 129.47, 129.01, 128.35, 128.23, 113.79, 112.13, 104.87, 59.27, 54.86, 20.38, 12.11, 11.61, 11.41, 
11.19, 11.02. 
Calcd. for C37H43Cl3O3Ti: C, 64.41; H, 6.28. Found: C, 64.27; H, 6.17. 
Cyclopropane ring-opening product 14: To a 20 mL scintillation vial was added 5b (0.35 mmol, 1.0 
equiv), 4-methoxyphenyl cyclopropyl ketone (0.33 mmol, 0.94 equiv), toluene (3.0 mL) and a magnetic 
stir bar. Reaction mixture was stirred at room temperature overnight before solvent was removed under 
vacuum. The resulting brown residue was dissolved in pentane and kept at -30 ˚C overnight. A layer of 
dense oil precipitated at the bottom of the vial. The solution part was pipetted to another vial and kept 
at -30 ˚C for 4 days.  Product was collected by filtration, washed with cold pentane and dried under 
vacuum overnight. Light yellow brown solid, 40% yield. 
1H NMR (500 MHz, Benzene-d6) δ 7.70 (d, 3JHH = 8.6 Hz, 2H), 7.44 (d, 3JHH = 8.5 Hz, 2H), 6.84 (d, 3JHH = 8.3 
Hz, 2H), 6.74 (d, 3JHH = 8.3 Hz, 2H), 5.60 (dd, 3JHH = 6.1, 3.1 Hz, 1H), 4.38 (s, 1H), 3.39 (m, 2H), 3.31 (s, 3H), 
3.29 (s, 3H), there is one multiplet underneath the 2 singlets at 3.31 and 3.29ppm, integrates to 1H, 3.10 
(m, 1H), 2.05 (s, 3H), 2.00 (s, 3H), 1.78 (s, 15H), 1.77 (s, 3H), 1.74 (s, 3H), 1.46 (s, 3H). 
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13C NMR (126 MHz, Benzene-d6) δ 160.92, 159.53, 159.45, 158.93, 143.51, 143.38, 135.69, 132.96, 
132.86, 131.62, 127.61, 126.14, 123.03, 113.84, 113.63, 107.91, 103.03, 82.82, 58.95, 54.80, 54.77, 
32.34, 21.00, 11.61, 11.48, 11.20, 11.11, 10.81. 
Calcd for C40H50O4Ti: C, 74.75; H, 7.84. Found: C, 74.47 ; H, 7.89. 
Cp*2Ti[OC(C6H5)CHCH(C6H5)O] (16a): To a 20 mL scintillation vial was added chalcone 15a (54 mg, 0.26 
mmol, 1.0 equiv), titanocene–oxo 2b (115mg, 0.26 mmol, 1.0 equiv), toluene (4 mL) and a magnetic stir 
bar. Reaction mixture was stirred at room temperature for 3 hours before all volatiles were removed 
under vacuum. Hexane (10 mL) was added to the vial and stirred thoroughly and kept at -30 °C 
overnight. Product containing trapped hexane (as shown in NMR spectra and crystal structure) was 
collected by filtration, washed with cold hexane and dried under vacuum. Dark brown solid, 99 mg, 65% 
yield. 1H NMR (500 MHz, Benzene-d6) δ 7.86 (dd, 3JHH = 8.4 Hz, 4JHH = 1.3 Hz, 2H), 7.74 (dd, 3JHH = 8.3 Hz, 
4JHH = 1.3 Hz, 2H), 7.38 (t, 3JHH = 8.1 Hz, 3JHH = 7.4 Hz, 2H), 7.30 (t, 3JHH = 8.0 Hz, 3JHH = 7.5 Hz, 2H), 7.21 (tt, 
3JHH = 7.4 Hz, 4JHH = 1.5 Hz, 1H), 7.17 (tt, 3JHH = 7.4 Hz, 4JHH = 1.5 Hz, 1H), 6.64 (s, broad, 1H), 5.55 (d, 3JHH = 
2.0 Hz, 1H), 1.89 (s, 15H), 1.79 (s, 15H). 13C NMR (126 MHz, Benzene-d6) δ 160.81 , 148.97 , 142.92 , 
128.32 , 128.16 , 127.09 , 127.04 , 126.53 , 125.70 , 125.28 , 124.53 , 100.02 , 83.17 , 12.40 , 11.92. Anal. 
Calcd for C35H42O2Ti•1/2(C6H14): C, 77.93; H, 8.43. Found: C, 78.03; H, 8.44. 
Cp*2Ti[OC(4-CF3-C6H4)CHCH(4-OMe-C6H4)O] (16b): 16b was prepared following the procedure described 
for 16a, starting with 2b and enone 15b. Brown solid, 82% yield. 1H NMR (500 MHz, Benzene-d6) δ 7.75 
(d, 3JHH = 8.0 Hz, 2H), 7.62 (d, 3JHH = 8.6 Hz, 2H), 7.49 (d, 3JHH = 8.0 Hz, 2H), 7.00 (d, 3JHH = 8.6 Hz, 2H), 6.59 
(s, broad, 1H), 5.53 (d, 3JHH = 2.0 Hz, 1H), 3.41 (s, 3H), 1.88 (s, 15H), 1.76 (s, 15H). 13C NMR (126 MHz, 
Benzene-d6) δ 159.02 , 158.78 , 146.17 , 140.69 , 128.65 (q, 2JCF = 31.9 Hz), 128.38 , 125.70 , 125.48 (q, 
1JCF = 272.16 Hz), 125.36 , 125.10 (q, 3JCF = 3.8 Hz), 124.67 , 113.83 , 102.18 , 82.95 , 54.87 , 12.36 , 11.90 . 
19F NMR (470 MHz, Benzene-d6) δ -62.19 . HRMS (ESI) calculated for C37H43F3O3Ti: 641.2722 [MH]+ found: 
641.2721.  
Cp*2Ti[OC(4-CF3-C6H4)CHCH(4-Me-C6H4)O] (16c): 16c was prepared following the procedure described 
for 16a, starting with 2b and enone 15c. Brown solid, 78% yield. 1H NMR (500 MHz, Benzene-d6) δ 7.72 
(d, 3JHH = 8.1 Hz, 2H), 7.64 (d, 3JHH = 7.7 Hz, 2H), 7.48 (d, 3JHH = 8.1 Hz, 2H), 7.22 (d, 3JHH = 7.7 Hz, 2H), 6.61 
(d, 3JHH = 2.0 Hz, 1H), 5.54 (d, 3JHH = 2.1 Hz, 1H), 2.24 (s, 3H), 1.87 (s, 15H), 1.76 (s, 15H). 13C NMR (126 
MHz, Benzene-d6) δ 158.93 , 146.19 , 145.64 , 135.94 , 129.08 , 128.64 (q, 2JCF = 31.9 Hz), 127.17 , 125.70 
, 125.49 (q, 1JCF = 272.3 Hz), 125.41 , 125.11 (q, 3JCF = 3.8 Hz), 124.71 , 102.28 , 83.10 , 21.21 , 12.36 , 
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11.89 . 19F NMR (470 MHz, Benzene-d6) δ -62.19 . HRMS (ESI) calculated for C37H43F3O2Ti: 625.2773 [MH]+ 
found: 625.2772.  
 Cp*2Ti[OC(4-CF3-C6H4)CHCH(C6H5)O] (16d): 16d was prepared following the procedure described for 
16a, starting with 2b and enone 15d. Brown solid, 74% yield. 1H NMR (500 MHz, Benzene-d6) δ 7.71 (d, 
3JHH = 7.8 Hz, 2H) 7.69 (d, 3JHH = 8.0 Hz, 2H) 7.48 (d, 3JHH = 8.1 Hz, 2H), 7.38 (t, J = 7.7 Hz, 2H), 7.21 (t, 3JHH = 
7.4 Hz, 1H), 6.60 (d, 3JHH = 2.0 Hz, 1H), 5.51 (d, 3JHH = 2.1 Hz, 1H), 1.86 (s, 15H), 1.75 (s, 15H). 13C NMR 
(126 MHz, Benzene-d6) δ 159.12 , 148.52 , 146.17 , 128.66 (q, 2JCF = 32.0 Hz), 128.39 , 127.02 , 126.74 , 
125.69 , 125.48 , 125.47 (q, 1JCF = 272.4 Hz), 125.10 (q, 3JCF = 3.8 Hz), 124.77 , 102.23 , 83.07 , 12.35 , 
11.87 . 19F NMR (470 MHz, Benzene-d6) δ -62.20 . HRMS (ESI) calculated for C36H41F3O2Ti: 611.2616 [MH]+ 
found: 611.2619.  
 Cp*2Ti[OC(4-CF3-C6H4)CHCH(4-Cl-C6H4)O] (16e): 16e was prepared following the procedure described for 
16a, starting with 2b and enone 15e. Brown solid, 81% yield. 1H NMR (500 MHz, Benzene-d6) δ 7.69 (d, J 
= 8.1 Hz, 3H), 7.49 (d, J = 8.2 Hz, 2H), 7.45 (d, 3JHH = 8.4 Hz, 2H), 7.34 (d, 3JHH = 8.5 Hz, 2H), 6.44 (d, 3JHH = 
2.2 Hz, 1H), 5.35 (d, 3JHH = 2.1 Hz, 1H), 1.83 (s, 15H), 1.71 (s, 15H). 13C NMR (126 MHz, Benzene-d6) δ 
159.32 , 147.11 , 145.99 , 132.38 , 128.84 (q, 2JCF = 31.8 Hz), 128.50 , 128.46 , 125.68 , 125.63 , 125.42 (q, 
1JCF = 272.4 Hz), 125.14 (q, 3JCF = 3.8 Hz), 124.91 , 101.39 , 82.08 , 12.32 , 11.84 . 19F NMR (470 MHz, 
Benzene-d6) δ -62.23 . HRMS (ESI) calculated for C36H40ClF3O2Ti: 645.2227 [MH]+ found: 645.2232.  
Cp*2Ti[OC(4-CF3-C6H4)CHCH(4-CF3-C6H4)O] (16f): 16f was prepared following the procedure described for 
16a, starting with 2b and enone 15f. Brown solid, 88% yield. 1H NMR (500 MHz, Benzene-d6) δ 7.68 (d, 
3JHH = 8.5Hz, 2H), 7.57 (s, 4H), 7.49 (d, 3JHH = 8.5Hz, 2H), 6.46 (s, broad, 1H), 5.32 (d, 3JHH = 2.1 Hz, 1H), 
1.83 (s, 14H), 1.72 (s, 14H). 13C NMR (126 MHz, Benzene-d6) δ 159.81 , 152.62 , 145.96 , 128.95 (q, 2JCF = 
32.0 Hz), 128.76 (q, 2JCF = 32.0 Hz), 126.94 , 125.79 , 125.65 , 125.39 (q, 1JCF = 272.4 Hz), 125.34 (q, 3JCF = 
3.7 Hz), 125.19 (q, 3JCF = 3.8 Hz), 125.04 , 101.34 , 81.89 , 12.32 , 11.81 . (note: only see one of the CF3 
quarter). 19F NMR (470 MHz, Benzene-d6) δ -62.16 , -62.24 . HRMS (ESI) calculated for C37H40F6O2Ti: 
679.2490 [MH]+ found: 679.2485. Anal. Calcd for C37H40F6O2Ti: C, 65.49; H, 5.94. Found: C, 65.26; H, 6.29. 
Cp*2Ti[OC(4-NMe2-C6H4)CHCH(4-CF3-C6H4)O] (16g): 16g was prepared following the procedure described 
for 16a, starting with 2b and enone 15g. Dark green solid, 81% yield. 1H NMR (500 MHz, Benzene-d6) δ 
7.86 (d, 3JHH = 8.8 Hz, 2H), 7.65 (d, 3JHH = 8.3 Hz, 2H), 7.56 (d, 3JHH = 8.5 Hz, 2H), 6.73 (d, 3JHH = 8.9 Hz, 2H), 
6.57 (d, 3JHH = 1.9 Hz, 1H), 5.35 (d, 3JHH = 2.0 Hz, 1H), 2.57 (s, 6H), 1.91 (s, 15H), 1.83 (s, 15H). 13C NMR 
(126 MHz, Benzene-d6) δ 161.94 , 153.50 , 150.25 , 131.37 , 128.65 (q, 2JCF = 29.4 Hz), 127.13 , 126.57 , 
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125.57 (q, 1JCF = 283.0 Hz), 125.41 , 125.22 (q, 3JCF = 3.8 Hz), 124.61 , 112.43 , 95.89 , 82.33 , 40.38 , 12.43 
, 11.92 . 19F NMR (470 MHz, Benzene-d6) δ -62.07 . HRMS (ESI) calculated for C38H46F3NO2Ti: 654.3038 
[MH]+ found: 654.3057. 
Cp*2Ti[OC(4-OMe-C6H4)CHCH(4-CF3-C6H4)O] (16h): 16h was prepared following the procedure described 
for 16a, starting with 2b and enone 15h. Brown solid, 85% yield. 1H NMR (500 MHz, Benzene-d6) δ 7.79 
(d, 3JHH = 8.5Hz, 2H), 7.62 (d, 3JHH = 8.5Hz, 2H), 7.57 (d, 3JHH = 8.5 Hz, 2H), 6.92 (d, 3JHH = 8.5Hz, 2H), 6.53 
(s, broad, 1H), 5.29 (d, 3JHH = 2.0 Hz, 1H), 3.37 (s, 3H), 1.88 (s, 15H), 1.79 (s, 15H). 13C NMR (126 MHz, 
Benzene-d6) δ 161.33 , 159.56 , 153.26 , 135.44 , 128.61 (q, 2JCF = 31.7 Hz), 127.07 , 126.81 , 125.52 , 
125.48 (q, 1JCF = 272.2 Hz), 125.24 (q, 3JCF = 3.7 Hz), 124.74 , 113.65 , 97.39 , 82.18 , 54.83 , 12.40 , 11.88 . 
19F NMR (470 MHz, Benzene-d6) δ -62.10 . HRMS (ESI) calculated for C37H43F3O3Ti: 641.2722 [MH]+ found: 
641.2729.  
Cp*2Ti[OC(C6H5)CHCH(4-CF3-C6H4)O] (16i): 16i was prepared following the procedure described for 16a, 
starting with 2b and enone 15i. Brown solid, 60% yield. 1H NMR (500 MHz, Benzene-d6) δ 7.84 (dd, 3JHH = 
8.2 Hz, 4JHH = 1.4 Hz, 2H), 7.60 (d, 3JHH = 8.2 Hz, 2H), 7.56 (d, 3JHH = 8.2 Hz, 2H), 7.31 (dd, 3JHH = 8.0, 7.5 Hz, 
2H), 7.18 (tt, 3JHH = 7.5 Hz, 4JHH = 1.4 Hz, 1H), 6.50 (s, broad, 1H), 5.37 (d, 3JHH = 2.1 Hz, 1H), 1.86 (s, 15H), 
1.76 (s, 15H). 13C NMR (126 MHz, Benzene-d6) δ 161.54 , 153.10 , 142.74 , 128.53 (q, 2JCF = 32.1 Hz), 
127.30 , 127.00 , 125.65 , 125.60 , 125.47 (q, 1JCF = 272.5 Hz), 125.25 (q, 3JCF = 3.7 Hz), 124.81 , 99.26 , 
82.02 , 12.37 , 11.85 , one signal is underneath solvent peaks. 19F NMR (470 MHz, Benzene-d6) δ -62.11. 
HRMS (ESI) calculated for C36H41F3O2Ti: 611.2616 [MH]+ found: 611.2616. 
Cp*2Ti[OC(4-Br-C6H4)CHCH(4-CF3-C6H4)O] (16j): 16j was prepared following the procedure described for 
16a, starting with 2b and enone 15j. Brown solid, 58% yield. 1H NMR (500 MHz, Benzene-d6) δ 7.56 (s, 
4H), 7.51 (d, 3JHH = 8.4Hz, 2H), 7.41 (d, 3JHH = 8.4Hz, 2H), 6.44 (s, broad, 1H), 5.24 (d, 3JHH = 2.1 Hz, 1H), 
1.82 (s, 15H), 1.73 (s, 15H). 13C NMR (126 MHz, Benzene-d6) δ 160.17 , 152.81 , 141.53 , 131.30 , 128.66 
(q, 2JCF = 31.7 Hz), 127.22 , 126.99 , 125.70 , 125.42 (q, 1JCF = 272.3 Hz), 125.28 (q, 3JCF = 3.7 Hz), 124.94 , 
121.10 , 99.63 , 81.98 , 12.35 , 11.82 . 19F NMR (470 MHz, Benzene-d6) δ -62.15 . HRMS (ESI) calculated 
for C36H40BrF3O2Ti: 691.1701[MH]+ found: 691.1706. Anal. Calcd for C36H40BrF3O2Ti: C, 62.71; H, 5.85. 
Found: C, 62.86; H, 5.98. 
Cp’2Ti[OC(C6H5)CHCH(C6H5)O] (17a): 17a was prepared following the procedure described for 16a, 
starting with 4a and chalcone 15a. Reddish brown solid, 61% yield. 1H NMR (500 MHz, Benzene-d6) δ 
7.80 (dd, 3JHH = 8.3 Hz, 3JHH = 1.4 Hz, 2H), 7.61(dd, 3JHH = 8.4 Hz, 4JHH =1.5 Hz, 2H), 7.30 (dd, 3JHH = 8.4, 6.9 
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Hz, 2H), 7.24 (dd, 3JHH = 8.3, 7.1 Hz, 2H), 7.16 (tt, 3JHH = 7.4 Hz, 4JHH =1.4 Hz, 1H), one multiplet under 
solvent peak, 6.44 (d, 3JHH = 1.9 Hz, 1H), 5.97 (s, 1H), 5.78 (s, 1H), 5.47 (d, 3JHH = 1.9 Hz, 1H), 1.88 (s, 3H), 
1.82 (s, 3H), 1.81 (s, 3H), 1.80 (s, 3H), 1.73 (s, 3H), 1.69 (s, 3H), 1.68 (s, 3H), 1.62 (s, 3H). 13C NMR (126 
MHz, Benzene-d6) δ 159.57 , 148.75 , 142.18 , 133.75 , 133.20 , 128.37 , 128.15 , 127.74 , 127.43 , 127.11 
, 126.91 , 125.66 , 122.29 , 121.64 , 120.83 , 118.68 , 112.65 , 112.30 , 110.16 , 101.29 , 84.98 , 14.34 , 
13.86 , 13.48 , 13.30 , 12.55 , 12.04 , 11.87 , 11.82 . HRMS (ESI) calculated for C33H38O2Ti: 515.2430 [MH]+ 
found: 515.2420. Anal. Calcd for C33H38O2Ti: C, 77.03; H, 7.44. Found: C, 76.72; H, 7.26. 
Cp’2Ti[OC(4-NMe2-C6H4)CHCH(4-CF3-C6H4)O] (17g): 17g was prepared following the procedure described 
for 16a, starting with 4a and chalcone 15g. Dark green solid, 75% yield. 1H NMR (500 MHz, Benzene-d6) δ 
7.81 (d, 3JHH = 8.5Hz, 2H), 7.55 (d, 3JHH = 8.3 Hz, 2H), 7.52 (d, 3JHH = 8.5 Hz, 2H), 6.70 (d, 3JHH = 8.5 Hz, 2H), 
6.41 (d, 3JHH = 1.9 Hz, 1H), 6.05 (s, 1H), 5.86 (s, 1H), 5.30 (d, 3JHH = 1.9 Hz, 1H), 2.56 (s, 6H), 1.97 (s, 3H), 
1.92 (s, 3H), 1.87 (s, 3H), 1.82 (s, 3H), 1.81 (s, 3H), 1.72 (m, 9H). 13C NMR (126 MHz, Benzene-d6) δ 160.86 
, 153.21 , 150.28 , 133.58 , 133.53 , 130.59 , 128.80 , 128.76 (q, 2JCF = 32.0 Hz), 127.77 , 127.70 , 126.56 , 
125.44 (q, 1JCF = 272.7 Hz), 125.28 (q, 3JCF = 3.7 Hz), 122.41 , 121.19 , 120.91 , 118.69 , 112.98 , 112.59 , 
112.38 , 97.14 , 83.90 , 40.34 , 14.39 , 13.97 , 13.50 , 13.27 , 12.56 , 11.98 , 11.95 , 11.87 . 19F NMR (470 
MHz, Benzene-d6) δ -62.14 . HRMS (ESI) calculated for C36H42F3NO2Ti: 626.2725 [MH]+ found: 626.2723.  
Cp’2Ti[OC(4-OMe-C6H4)CHCH(4-CF3-C6H4)O] (17h): 17h was prepared following the procedure described 
for 16a, starting with 4a and chalcone 15h. Brownish red solid, 80% yield. 1H NMR (500 MHz, Benzene-
d6) δ 7.75 (d, 3JHH = 8.8 Hz, 2H), 7.53 (s, 4H), 6.89 (d, 3JHH = 8.7 Hz, 2H), 6.37 (s, broad, 1H), 6.03 (s, 1H), 
5.85 (s, 1H), 5.25 (d, 3JHH = 1.9 Hz, 1H), 3.36 (s, 3H), 1.93 (s, 3H), 1.88 (s, 3H), 1.83 (s, 3H), 1.79 (s, 3H), 
1.78 (s, 3H), 1.71 (s, 3H), 1.69 (s, 3H), 1.65 (s, 3H). 13C NMR (126 MHz, Benzene-d6) δ 160.21 , 159.61 , 
152.95 , 134.69 , 133.64 , 133.62 , 128.97 , 128.87 (q, 2JCF = 32.0 Hz), 127.79 , 127.71 , 126.80 , 125.40 (q, 
1JCF = 272.4 Hz), 125.31 (q, 3JCF = 3.7 Hz), 122.48 , 121.30 , 121.14 , 118.86 , 113.65 , 113.11 , 112.68 , 
98.60 , 83.76 , 54.83 , 14.37 , 13.93 , 13.45 , 13.26 , 12.52 , 11.96 , 11.90 , 11.83 . 19F NMR (470 MHz, 







CHAPTER 2: RHODIUM-CATALYZED OXIDATIVE AMINATION OF STERICALLY HINDERED ALDEHYDES AND 
ALCOHOLS 
2.1 INTRODUCTION 
      Amides are one of the most important functional groups in organic chemistry, commonly found in 
natural products, pharmaceuticals and agrochemicals.37,38 It has been estimated that about 25% of the 
drugs in known databases contain at least one amide group;39 and amidation reactions are used in the 
synthesis of more than 60% of the 128 drugs candidates surveyed by GlaxoSmithKline, AstraZeneca and 
Pfizer in 2006.40  Given this prevalence, it is no surprise that acylation of amines is the most commonly 
used reaction in pharmaceutical laboratories, accounting for 16% of all reactions performed.41 
     Theoretically the most straightforward synthesis of amides is the combination of a carboxylic acids 
and an amine. However, due to acid base chemistry, this coupling reaction requires forcing conditions in 
order to obtain the desired product. As the result, amide synthesis has been traditionally accomplished 
instead from the reactions of amines with either highly reactive acid chlorides or anhydrides, or with 
carboxylic acids activated by stoichiometric coupling reagents.42–45 In fact, stoichiometric activation of 
carboxylic acids account for over 90% of N-acylation in medicinal chemistry.40 These methods, while very 
effective, generate large amounts of high molecular waste, which led the American Chemical Society 
Green Chemistry Institute to select “amide formation avoiding poor atom economy reagents” among the 
most important tasks facing organic chemists.46 In recent years, several new catalytic systems have been 
developed for the direct amidation from carboxylic acids and amines,47,48 notably boronic acids49,50 and 
esters,51 zirconium52 and hafnium53 catalysts (Scheme 30). 
Scheme 30: Recent developments in catalytic amidation of carboxylic acids and amines 
 
       A different approach to this problem is the catalytic, oxidative amidation of aldehydes and 
alcohols.47,54–57 After seminal reports by Beller in 2001 (Scheme 31a),58 and Milstein in 2007 (Scheme 
31b),59 these new catalytic reactions have emerged as a powerful alternative to traditional methods, as 
they offer high atom-economy, good yields, and the practical flexibility of starting from different 
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oxidation states. Different transition metals and N-heterocyclic carbine (NHC) catalysts have been 
successfully employed in these reactions.  However, despite significant advancements in this very active 
research area, sterically hindered substrates have proven to be particularly challenging while less 
nucleophilic amines, such as anilines, give significantly diminished yields. Reactivity toward more 
complex compounds like heterocycles has also been identified as an area for improvement. 
Scheme 31: Metal-catalyzed oxidative amidation of aldehydes and alcohols 
 
 
     Given our group’s overarching goal of developing greener, more atom-economical methods for the 
preparation of commonly used chemicals, the catalytic oxidative amidation of aldehydes and alcohols 
represents an interesting research opportunity. We wanted to address the above-mentioned drawback 
regarding sterically hindered substrates and less nucleophilic amines in a rhodium catalyzed amidation 
reaction. Our starting point was a related system previously developed in the group for the amidation of 
allyl alcohols (Scheme 32),60 followed by optimization of reaction conditions and exploration of scopes.61  
Scheme 32: Rhodium-catalyzed oxidative amidation of allyl alcohols 
 
2.2 OXIDATIVE AMIDATION OF STERICALLY HINDERED ALDEHYDES 
2.2.1 Optimization of reaction conditions for the amidation of pivaldehyde and aniline 
       Rhodium-catalyzed amidation of aldehydes with amines, a method pioneered by Beller, is an 
attractive, atom-economical method for amide synthesis. In the last 15 years, significant progress has 
been made allowing for broader substrate scopes. Nevertheless, sterically hindered aliphatic 
aldehydes62–64 and aniline58,65 usually give significantly lower yields. Aldehyde with α-disubstituted 
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carbon has not been reported in this reaction; amides containing α-quaternary carbon have been 
prepared using less atom-economical methods from N-chloroamine66 or malonitriles.67  We recently 
reported a rhodium-catalyzed oxidative amidation of allylic alcohols and aldehydes under biphasic 
condition to convert amines and anilines to amides (Scheme 32). Promisingly, substrates with mono-
substitution at the alpha position were well tolerated. To assess the effectiveness of this method with a 
more hindered aldehyde, pivaldehyde (18a) and aniline (19a) were subjected to the reported reaction 
conditions (Scheme 33). However, the desired amide 20aa was not observed; the corresponding imine 
21aa was the only product (Figure 19).  
Scheme 33: Unsuccessful amidation of pivaldehyde 
 
 
Figure 19: GC-MS data of an unsuccessful amidation reaction between pivaldehyde and aniline using 
previously published biphasic condition. Imine 21aa was the only observed product. 
     By removing water from the setup, the desired product was generated in 56% yield (Table 13, entry 
1). Ligand screening revealed diphenylphosphinobutane (dppb) as the most effective (Table 13, entry 4) 
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and further optimization showed that lower equivalents of amine and oxidant were effective in this 
transformation (Table 13, entries 11-16). Under the optimized reaction conditions amide 20aa is formed 
in 84% in situ yield, as determined by GC analysis by comparison to an internal standard, and 82% 
isolated yield.  
Table 13: Varying the base, ligand and equivalents in optimizing the Rh-catalyzed oxidative amidation 
reaction of pivaldehyde with aniline a 
 
entry phosphine x y yield 20aaa 
1 BINAP 3.0 5.0 56b 
2 dppe 3.0 5.0 83 
3 dppp 3.0 5.0 86 
4 dppb 3.0 5.0 95 
5 dpppentane 3.0 5.0 65 
6 dppf 3.0 5.0 88 
7 dpePhos 3.0 5.0 71 
8 Xantphos 3.0 5.0 95 
9 PPh3c 3.0 5.0 88 
10 PCy3c 3.0 5.0 29 
11 dppb 3.0 1.0 82 
12 dppb 3.0 2.0 90 
13 dppb 3.0 3.0 90 
14 dppb 3.0 4.0 94 
15 dppb 2.5 2.0 85 
16 dppb 2.0 2.0 82  
General reaction conditions: pivaldehyde (0.082 mmol, 1.0 eq), aniline (x eq), [Rh (COD)2]BF4 (3.0 mol 
%), ligand (3 mol %), CsOAc (1.5 eq), styrene (y eq), THF (0.2 mL). a In situ  yield determined by GC 
analysis with diphenylmethane as internal standard. b When a 1:1 mixture (by volume) of THF:H2O was 




2.2.1 Optimization of reaction conditions for the amidation of pivaldehyde and morpholine 
      These optimized conditions above were applied to a reaction of pivaldehyde (18a) with morpholine 
(19l) which generated very small amount of product. A recent report has indicated that different 
conditions are often required for aliphatic and aromatic amines.68 In our system, optimization showed 
that a stronger base, Cs2CO3, slightly improved yield (Table 14, entries 1-7) and methyl methacrylate was 
the superior hydrogen acceptor (Table 14, entries 8-14). Using this new combination, several ligands 
could be employed (Table 14, entries 15-23), however tricyclohexylphosphine, an effective and 
inexpensive ligand, was chosen for scaling up. These conditions were effective in the amidation reaction 
of pivaldehyde with aliphatic amines, both secondary and primary. 
Table 14: Varying the base, hydrogen acceptor and ligand in optimizing the Rh-catalyzed oxidative 
amidation reaction of pivaldehyde with aliphatic amines a 
 
Entry Base Hydrogen acceptor Ligand % Yield 20al b 
1 CsOAc styrene dppb 8 
2 KOAc styrene dppb 8 
3 NaOAc styrene dppb 8 
4 Cs2CO3 styrene dppb 17 
5 K2CO3 styrene dppb 9 
6 CsOH•H2O styrene dppb 8 
7 KOH styrene dppb 6 
8 Cs2CO3 trans-stilbene dppb 18 
9 Cs2CO3 cyclohexene dppb 21 
10 Cs2CO3 acetone dppb 19 
11 Cs2CO3 CF3COPh dppb 13 
12 Cs2CO3 NMO dppb 21 
13 Cs2CO3 3,5-lutidine N-oxide dppb 19 
14 Cs2CO3 MMA dppb 36 
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Table 14: (cont.) 
15 Cs2CO3 MMA dppe 56 
16 Cs2CO3 MMA dppp 44 
17 Cs2CO3 MMA dpppentane 68 
18 Cs2CO3 MMA dppf 61 
19 Cs2CO3 MMA BINAP 22 
20 Cs2CO3 MMA dpePhos 19 
21 Cs2CO3 MMA xantphos 11 
22 Cs2CO3 MMA PPh3 20 
23 Cs2CO3 MMA PCy3 70 
a General conditions: pivaldehyde (0.082 mmol, 1.0 eq), morpholine (2.5 eq), hydrogen acceptor (2.0 
eq), base (1.5 eq), THF (0.2 mL). b In situ yield determined by GC analysis with diphenylmethane as 
internal standard.  
2.2.3 Exploration of amine scope in the amidation reaction of pivaldehyde 
      We next explored the amine scope for the amidation reaction of pivaldehyde (Table 15). Anilines 
bearing electron donating (20ab) or electron withdrawing groups (20ac) were effective nucleophiles. 
Aryl chlorides (20ad) and ortho-substitution (20ae) were also tolerated. Primary aliphatic amines 
generated products in moderate to good yields, including α-branched substrate (20aj). When 
enantiomerically pure 19j was used, the product 20aj was obtained with 98% enantiospecificity. A 
variety of secondary aliphatic amines were successfully employed, generating the tertiary amide 
products in good to very good yield, except for the seven-membered ring 20ar. This low yield could be 
explained by the increased steric bulk of 19r compared to the analogous six-membered ring 19q. Amines 
containing heterocyclics, including furans (20ah) and pyrimidines (20ap), were converted to amides in 
good yields. More hindered secondary acyclic (diethylamine and N-methylaniline) and cyclic (indoline) 







Table 15: Scope of amines in the oxidative amidation reaction of pivaldehydea 
 
a Isolated yield. Condition A: pivaldehyde (0.64 mmol, 1.0 eq), aniline (2.5 eq), [Rh(COD)2]BF4 (3.0 mol 
%), dppb (3 mol %), CsOAc (1.5 eq), styrene (2.0 equiv), THF (1.4 mL); Condition B: pivaldehyde (0.64 
mmol, 1.0 eq), amine (2.5 eq), [Rh(COD)2]BF4 (3.0 mol %), PCy3 (6 mol %), Cs2CO3 (1.5 eq), methyl 
methacrylate (MMA) (2.0 equiv), THF (1.4 mL). b 1.5 eq amine, 10 h. c 100 ˚C d 48 h.  
2.2.4 Exploration of aldehyde scope, imine formation and mechanistic considerations 
      Encouraged by this broad amine scope, we were eager to explore the aldehyde scope (Table 16). 
Unfortunately, any increase in the size of the aldehyde led to significantly diminished yield (20ba) or no 
reaction (20ca).  
Table 16: Scope of hinder aldehydes in the oxidative amidation reaction 
 
Reaction conditions for  20ca and 20da: aldehyde (0.082 mmol, 1.0 eq), aniline (2.5 eq), [Rh(COD)2]BF4 
(3.0 mol %), ligand (3.0 mol %), CsOAc (1.5 eq), styrene (2.0 eq), THF (0.2 mL). a Isolated yield; see Table 
1, condition A, imine accounted for the remaining mass balance. b imine was the main product. 
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      Optimization efforts as well as attempts to alleviate the steric hindrance in 18c by placing the phenyl 
ring one carbon further did not improve the yield of the desired amide 20da; in all of these reactions the 
imine was the primary product. Attempts to improve the results including base and ligand screens, and 
using aliphatic amines with 18c as substrate were not successful (Scheme 34). 
Scheme 34: Unsuccessful efforts at amidating 2-methyl-2-phenylpropanal 18c 
 
 
      The general mechanism for direct amidation of aldehydes involves the formation of a hemiaminal 
which is oxidized to the amide product.56 In our previous study, the use of water was found to 
significantly improve amide yield as it helped to convert imine/enamine back to the key hemiaminal 
intermediate.60 To study the effects of water on the current system, water (1.0, 3.0, or 5.0 equiv) was 
added to the reaction between pivaldehyde (18a) and p-anisidine (19b) under optimized reaction 
conditions. As shown in Table 17, the amount of water was found to positively correlate to the 
imine/product ratio.  
Table 17: Imine/amide ratios corresponding to the amount of water added to the amidation reaction 
between pivaldehyde (18a) and p-anisidine (19b) 
 
entry Water eq (volume used) Yield 5ab (%)a Yield 3ab (%)a Imine/amide 
1 1 (3.3 μL) 17 68 0.25 
2 3 (9.8 μL) 47 35 1.3 
3 5 (16.3 μL ) 55 22 2.5 
      This effect of water on the reaction is not well understood, but it is consistent with a recent report by 
Stahl where adding molecular sieve, a drying reagent, to an amidation of alcohol improves the 
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amide/imine ratio.69 However, the use of this and other drying agents were ineffective in the oxidative 
amidation of 18d. 
To further study the formation of imine in our system, a time study was carried out with pivaldehyde and 
p-methoxyaniline. As showed in Figure 20, yield of 20ab increases and peaks at around 10 hours, then 
slowly decreases while imine 21ab yield steadily goes up throughout the course of the reaction.  
 
 
Figure 20: Changes in amide 20ab and imine 21ab yields in the amidation reaction of pivaldehyde and p-
methoxyaniline, plotted against reaction time. 
      In another experiment, the imine 21ab was subjected to reaction conditions, with water (Scheme 
31a) and aniline (Scheme 31b). In both cases, imine remained unreacted - only trace amount of the 
amide product (20aa or 20ab) was observed (Scheme 35). These results indicate that the formation of 






















Scheme 35: Subjecting imine 21ab to reaction conditions in the presence of water (a) and aniline (b) 
 
 
      The proposed catalytic cycle for the oxidative amidation of sterically hindered aldehydes is showed in 
Scheme 36. The aldehyde first reacts with the [Rh(I)] catalyst to form a rhodium-bound aldehyde 
complex. Nucleophilic attack by amine and subsequent proton transfer results in a Rh(III) species, which 
then undergoes β-hydride elimination to generate the desired amide and a rhodium-hydride complex. 
Insertion of styrene or methyl methacrylate followed by reductive elimination regenerates the active 
Rh(I) catalyst. Alternatively, the aldehyde could react with amine in an off-cycle reaction to irreversibly 
form imine. Control reactions showed that catalyst was not required for imine formation. The relative 
rate of imine formation increases with the steric hindrance of the aldehyde, which becomes a worse 
Lewis base for the cationic Rh catalyst, and the nucleophilicity of the amine. 







2.3 OXIDATIVE AMIDATION OF STERICALLY HINDERED ALCOHOLS 
2.3.1 Optimization of reaction conditions for the amidation of neopentyl alcohol and aniline 
      In order to address the competitive imine formation, we hypothesized that products 20ba-20da could 
be prepared from the corresponding alcohols. Previous reports on oxidative amidation of alcohol 
indicated that free aldehyde might not be an intermediate in the reaction or is only present in very low 
concentration.70,71 Since the seminal report by Milstein on direct synthesis of amides from alcohols, this 
reaction has attracted considerable attention and significant progress has been made. However, the 
drawback highlighted in Milstein’s original study,59 namely low reactivity of sterically hindered substrates 
and less nucleophilic amines such as aniline, still remains.71–77 The few studies that effectively use aniline 
nucleophiles all employ benzyl alcohol, with the exception of a highly specialized Au-Pd resin which 
catalyzed reaction of aliphatic alcohols with anilines in high yields.78 Highly bulky neopentyl alcohol 
substrate gives significantly diminished yields (10-20%),79 and a single example with good yield using this 
substrate was recently reported recently by Stahl.69       
Table 18: Varying the ligand and hydrogen acceptor in optimizing the Rh-catalyzed oxidative amidation 
reaction of neopentyl alcohol with aniline a 
 
Entry ligand Hydrogen acceptor % Yield 20aab 
1 dppm styrene 3 
2 dppe styrene 4 
3 dppp styrene 10 
4 dppb styrene 8 
5 dpppentane styrene 6 
6 BINAP styrene 5 
7 dppf styrene 28 
8 dpePhos styrene 4 
9 xantphos styrene 40 
10 PPh3c styrene 30 
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Table 18: (cont.) 
11 PCy3c styrene 9 
12 xantphos trans-stilbene 6 
13 xantphos cyclohexene 0 
14 xantphos acetone 11 
15 xantphos CF3COPh 73 
16 xantphos NMO 3 
17 xantphos 3,5-lutidine-N-oxide 67 
18 xantphos methyl methacrylate 29 
a General conditions: neopentyl alcohol (0.082 mmol, 1.0 eq), aniline (2.5 eq), hydrogen acceptor (2.0 
eq), CsOAc (1.5 eq), THF (0.2 mL). b In situ yield determined by GC analysis with diphenylmethane as 
internal standard. c 6 mol % ligand. 
      To probe the reactivity of sterically hindered alcohols and aromatic amines in our amidation reaction, 
screenings were carried out using neopentyl alcohol and aniline (Table 18). The conditions optimized for 
pivaldehyde proved to be ineffective. By changing ligand to Xantphos (Table 18, entry 9), yield went up 
to 40%, and with a change in hydrogen acceptor to 2,2,2-trifluoroacetophenone (Table 18, entry 15), the 
desired product 20aa was generated in high yield. 
2.3.2 Exploring the amine scope in the amidation reaction of neopentyl alcohol 
       With these new conditions in hand, we proceeded to explore the amine scopes (Table 19). A variety 
of substituents on the phenyl ring were tolerated. Remarkably, with more reactive amines such as 4-
methoxyaniline, good yield (79% isolated) of product 20ab was achieved after only 1 h of reaction time. 
Heterocyclic substrates also formed amides in excellent yields. The apparent lower yield of 20at was due 
to difficulty in separating the product from the amine starting material rather than low conversion. 
When a nucleophile containing both primary and secondary aromatic amines was used, only the primary 
reacted, affording secondary amide 20ay in good yield.  
     While anilines are the primary nucleophiles of interest in this reaction, preliminary results showed 
that changes in ligands and temperature could affect the amidation of neopentyl alcohol with aliphatic 
amine such as benzylamine: when dppp was used at 100 °C with MMA as the hydrogen acceptor, a GC 
yield of 55% of product 20ag was obtained (Table 20, entry 11); a scaled-up (0.64 mmol) reaction 
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afforded 20ag in 58% isolated yield. Finally, to demonstrate the scalability of this reaction, 20aa was 
prepared on a gram scale (1.3 g, 7.1 mmol) from 22a and 2a in 89% isolated yield (Scheme 37). 
Table 19: Amine scope in the oxidative amidation reaction of neopentyl alcohola 
 
General reaction conditions: alcohol (0.64 mmol, 1.0 eq), amine (2.5 eq), [Rh(COD)2]BF4 (3.0 mol %), 
Xantphos (3.0 mol %), CsOAc (1.5 eq), CF3COPh (2.2 eq), THF (1.4 mL). a Isolated yield b yield in 
parenthesis was achieved with 1.5 eq amine in 1 h c Yield was low due to difficulty in separating product 
from starting amine. d 48 h. 
      While anilines are the primary nucleophiles of interest in this reaction, preliminary results showed 
that changes in ligands and temperature could affect the amidation of neopentyl alcohol with aliphatic 
amine such as benzylamine: when dppp was used at 100 °C with MMA as the hydrogen acceptor, a GC 
yield of 55% of product 20ag was obtained (Table 20, entry 11); a scaled-up (0.64 mmol) reaction 
afforded 20ag in 58% isolated yield. Finally, to demonstrate the scalability of this reaction, 20aa was 
prepared on a gram scale (1.3 g, 7.1 mmol) from 22a and 2a in 89% isolated yield (Scheme 37). 
Table 20: Initial ligand screens at two different temperatures in the Rh-catalyzed oxidative amidation 
reaction of neopentyl alcohol with benzylamine a 
 
Entry ligand Temperature (˚C) % Yield 20ag b 
1 dppm 80 < 5 
2 dppe 80 13 
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Table 20: (cont.) 
3 dppp 80 20 
4 dppb 80 21 
5 dpppentane 80 < 5 
6 Xantphos 80 < 5 
7 PCy3c 80 < 5 
8 PPh3c 80 < 5 
9 dppm 100 < 5 
10 dppe 100 34 
11 dppp 100 55 
12 dppb 100 30 
13 dpppentane 100 < 5 
14 Xantphos 100 < 5 
15 PCy3c 100 < 5 
16 PPh3c 100 < 5 
a General conditions: neopentyl alcohol (0.082 mmol, 1.0 eq), benzylamine (2.5 eq), MMA (2.0 eq), 
Cs2CO3 (1.5 eq), THF (0.2 mL). b In situ yield determined by GC analysis with diphenylmethane as internal 
standard. c 6 mol % ligand. 
Scheme 37: Gram-scale preparation of 20aa from neopentyl alcohol and aniline 
 
2.3.3 Exploring the scope of hindered alcohols in the oxidative amidation reaction 
      After establishing the effective use of neopentyl alcohol in oxidative amidation reaction, we turned 
our attention to the original challenge of imine formation encountered when α-quaternary aldehydes, 
other than pivaldehyde, were used. To our delight, products 20ba-20da were all prepared from the 
corresponding alcohols using the optimized conditions in good to excellent yields (Table 21). 
Interestingly, under standard reaction conditions, the only product from alcohol 22e was the 
corresponding imine. This alcohol required more forcing conditions to undergo amidation, despite the 
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minimal structural change from neopentyl alcohol. We attributed this difference in reactivity to an 
unfavorable all anti-conformation of 22e. In comparison, cyclic substrate 22b, which is electronically 
similar to 22e, afforded the amide in higher yield as the additional substituents are conformationally 
locked gauche. Alcohols containing a ketal group, both cyclic (20fa) and acyclic (20ga), were also 
excellent substrates for this reaction. Additionally, the synthetic utility of this reaction was demonstrated 
in the synthesis of the herbacide Monalide (20ed, Scheme 38). As far as we are aware, the results in 
Tables 19 and 21 are the highest yields achieved with sterically hindered alcohols and aniline 
nucleophiles in metal-catalyzed oxidative amidation reactions. 
Table 21: Scope of hindered alcohols in the oxidative amidation reaction 
 
Reaction conditions: alcohol (0.64 mmol, 1.0 equiv), aniline (2.5 equiv), [Rh(COD)2]BF4 (3.0 mol %), 
Xantphos (3.0 mol %), CsOAc (1.5 equiv), CF3COPh (2.2 equiv), THF (1.4 mL). a Isolated yield b aniline 4.0 
equiv, [Rh(COD)2]BF4 5 mol %, Xantphos 5 mol %, CsOAc 2.0 equiv. c [Rh(COD)2]BF45 mol %, Xantphos 5 
mol %, CsOAc 2.0 equiv, 100 ˚C. 
Scheme 38: Application of the developed reaction in the synthesis of herbicide Monalide 
 
      To further expand the scope of the reaction, we explored some alcohols containing other functional 
groups such as amine (22h) and alkene (22i). GC-MS analysis indicate amide formation from 22h; this 
product (20ha) was formed in small quantity and not isolated (Scheme 39a); with 22i, product was 
observed in trace amount (Scheme 39b). The ineffective amidation of these substrates could be 
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attributed to the presence of the added functional group which can bind to the catalyst and inhibit the 
desired reaction. 
Scheme 39: Alcohol substrates containing additional binding site 
 
 
2.3.4 Comparison between the amidation reactions of aldehyde and alcohol and mechanistic 
considerations 
      To determine whether the changes in ligand and hydrogen acceptor explain the differences in 
reactivity of alcohols 22b-d and the corresponding aldehydes 18b-d, pivaldehyde and these aldehydes 
were allowed to react with aniline under the alcohol reaction conditions. Unfortunately, as shown in 
Table 22, this did not lead to any improvement in yields for product 20ba-20da (compared to the results 
obtained under aldehyde conditions, as shown in Table 16). The high yield of amide 20aa in entry 1 was 
consistent with ligand screening result in Table 13, entry 8, which showed that Xantphos was effective in 
the oxidative amidation of pivaldehyde. When scaled up (0.64 mmol pivaldehyde), the reaction in entry 
1 generated amide 20aa in 86% isolated yield. However, with the more challenging substrates 18b-d 
(entries 3, 4) these reaction conditions were ineffective. As the corresponding alcohols (22b-d) formed 
amides in good to very good yields, these results showed a significant difference in reaction scope 
between aldehyde and alcohol substrates. 
      These differences in the reaction scope suggest that the optimal catalyst for the oxidation of 
hindered alcohols to aldehydes is a poor catalyst for the oxidative amidation reaction between 
aldehydes and secondary amines. To further demonstrate the differential reactivity of the two catalysts, 
a time study of the reaction between neopentyl alcohol and 4-methoxyaniline was performed (Figure 
21). Unlike with pivaldehyde (Figure 20), yield of amide 20ab (blue) steadily increases with time, and 
only a very small amount of imine byproduct (orange) was observed. 
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Table 22: Results obtained when hindered aldehydes were subjected to oxidative amidation reaction 
conditions optimized for neopentyl alcohols 
 
Entry  Aldehyde Results 
1 
 
Amide 20aa, 90% GC yield 
Trace amount of imine 
2 
 
Amide 20ba 10% GC yield  






Amide 20da < 5% GC yield 
Imine 21da was the major product 
Reaction conditions: [Rh(COD)2]BF4 (1.0 mg, 3 mol %), Xantphos (1.42 mg, 3 mol %), CsOAc (23.6 mg, 1.5 
eq), aldehyde  (0.082 mmol, 1.0 eq), 2,2,2-trifluoroacetophenone (25.3 μL, 2.2 eq), aniline (18.7 μL, 2.5 
eq) and THF (0.2 mL). 
 
 
Figure 21: Changes in amide (blue) and imine (orange) yields in the amidation reaction of neopentyl 






















      The proposed catalytic cycle for the oxidative amidation of hindered alcohols is shown in Scheme 40. 
Oxidative addition of the alcohol, followed by β-hydride elimination and transfer hydrogenation to 
trifluoroacetophenone generates an aldehyde-bound rhodium complex. Nucleophilic attack by aniline 
results in a rhodium- alkoxide species, which can then undergo β-hydride elimination to form the desired 
product and a rhodium hydride complex. Carbonyl insertion with trifluoroacetophenone followed by 
reductive elimination regenerates the active Rh(I) catalyst. 
Scheme 40: Proposed catalytic cycle for the rhodium-catalyzed oxidative amidation of hindered alcohols 
 
2.4 CONCLUSIONS 
      A rhodium-catalyzed oxidative amidation reaction has been developed for the synthesis of amides 
from aldehydes and alcohols containing an α-quaternary carbon. In terms of amine scopes, both anilines 
and aliphatic primary and secondary amines react with pivaldehydes to form amides in good yields. With 
alcohols, a variety of anilines are effective, generating amide products in excellent yields. These results 
represent the best yields of amides from sterically hindered alcohols and aromatic amines, up to 96% 
isolated yield and reaction time as short as 1 h. In terms of substrates, a broader scope was observed 
with alcohol substrates than the corresponding aldehydes, which either form imine or remain unreacted, 
indicating that a metal-bound, aldehyde-like species instead of free aldehyde is an intermediate in the 
oxidation of alcohols. This study demonstrates the power of our catalytic system in the synthesis of 
sterically hindered amides, and thus supports our subsequent efforts in developing other reactions 
targeting this type of products, including β-substituted and α,β-disubstituted amides, as discussed in the 




2.5 EXPERIMENTAL PROCEDURES 
      General Experimental Procedures: All reactions were carried out in flame-dried (or oven-dried at 
140 °C for at least 2 h) glassware under an atmosphere of nitrogen unless otherwise indicated. Nitrogen 
was dried using a drying tube equipped with Drierite™ unless otherwise noted. Air- and moisture-
sensitive reagents were handled in a nitrogen-filled glovebox (working oxygen level ~ 0.1 ppm).  Column 
chromatography was performed with silica gel from Grace Davison Discovery Sciences (35-75 μm) with a 
column mixed as a slurry with the eluent and was packed, rinsed, and run under air pressure. Analytical 
thin-layer chromatography (TLC) was performed on pre-coated glass silica gel plates (by EMD Chemicals 
Inc.) with F-254 indicator. Visualization was either by short wave (254 nm) ultraviolet light, or by staining 
with potassium permanganate followed by brief heating on a hot plate. Distillations were performed 
using a 3 cm short-path column under reduced pressure. 
      Instrumentation: 1H NMR and 13C NMR were recorded on a Varian Unity 500 MHz (126 MHz for 13C). 
Spectra were referenced using CDCl3 as solvent (unless otherwise noted) with the residual solvent peak 
as the internal standard (1H NMR: δ 7.26 ppm, 13C NMR: δ 77.16 ppm). Chemical shifts were reported in 
parts per million (ppm) and multiplicities are as indicated: s (singlet,) d (doublet,) t (triplet,) q (quartet,) 
p (pentet,) m (multiplet,) and br (broad). Coupling constants, J, are reported in Hertz and integration is 
provided. Analysis by Gas Chromatography-Mass Spectrometry (GC-MS) was performed using a 
Shimadzu GC-2010 Plus Gas chromatograph fitted with a Shimadzu GCMS-QP2010 SE mass 
spectrometer using electron impact (EI) ionization after analytes traveled through a SHRXI–5MS- 30m x 
0.25 mm x 0.25 μm column using a helium carrier gas.  Data are reported in the form of m/z (intensity 
relative to base peak = 100). Gas Chromatography (GC) was performed on a Shimadzu GC-2010 Plus gas 
chromatograph with SHRXI–MS- 15m x 0.25 mm x 0.25 μm column with nitrogen carrier gas and a flame 
ionization detector (FID). High Performance Liquid Chromatography (HPLC) was performed on a 
Shimadzu Prominence HLPC system with SPD-M20A UV/VIS Photodiode array detector. High Resolution 
Mass Spectrometry (HRMS) were performed in the Department of Chemistry at University of Illinois at 
Urbana-Champaign. The glove box, MBraun LABmaster sp, was maintained under nitrogen atmosphere. 
Melting points were recorded on a Thomas Hoover capillary melting point apparatus and are 
uncorrected. 
      Materials: Solvents used for extraction and column chromatography were reagent grade and used as 
received. Reaction solvent tetrahydrofuran (Fisher, unstabilized HPLC ACS grade), was dried on a Pure 
Process Technology Glass Contour Solvent Purification System using activated Stainless Steel columns 
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while following manufacture’s recommendations for solvent preparation and dispensation unless 
otherwise noted. All liquid amines were distilled and degassed by the freeze-pump-thaw method, and 
were stored under an atmosphere of nitrogen in a glove box before use. Styrene, methyl methacrylate 
(Sigma-Aldrich), 2,2,2-trifluoroacetophenone (Matrix Scientific), pivaldehyde (Acros Organics), neopentyl 
alcohol (Alfa Aesar) were used as received. The following aldehydes and alcohols were prepared 
following known procedures: 1-methylcyclohexanecarbaldehyde (1b),1 2-methyl-2-phenylpropanal (1c), 
2,2-dimethyl-3-phenylpropanal (1d), 2-methyl-2-phenyl-1-propanol (4c), 2,2-dimethyl-3-phenyl-1-
propanol (4d), 2,2,5-trimethyl-1,3-dioxane-5-carbinol (4f), 2,2-diethoxy-1-propanol (4g); 2,2-dimethyl-1-
pentanol (4e) was prepared via hydrogenation of 2,2-dimethyl-pent-4-en-1-ol. 
      Typical procedure for screening and analysis: to a 4 mL scintillation vial was added aldehyde or 
alcohol (0.082 mmol), amine, [Rh(COD)2]BF4 (1.0 mg, 3.0 mol %), ligand, base, hydrogen acceptor, 
tetrahydrofuran (0.1 mL) and a magnetic stir bar in a glove box. The vial was capped with an open top, 
Teflon-lined screw cap and brought out of the glove box. If necessary, water was injected through the 
liner and then reaction was heated in a heating block. After the required reaction time, which was 
usually 24 h except for time study experiments, the vial was removed from the heating block and 
allowed to cool to room temperature. Diphenylmethane (10 μL) was added as an internal standard and 
the content was diluted in ethyl acetate and shaken thoroughly. An aliquot of the resulting solution was 
then analyzed by GC and/or GC-MS. 
      General procedure for Rh-catalyzed oxidative amidation of pivaldehyde with anilines (General 
procedure A) 
 
[Rh(COD)2]BF4 (7.80 mg, 0.0192 mmol, 3.0 mol %), dppb (8.19 mg, 0.0192 mmol, 3.0 mol %),  and CsOAc 
(184.27 mg, 0.96 mmol, 1.5 eq) were added to a 20 mL scintillation vial equipped with a stir bar. After 
purging with nitrogen, to the vial was added THF (1.4 mL), styrene (146.7 μL, 1.28 mmol, 2.0 eq), aniline 
(19, 1.6 mmol, 2.5 eq), and pivaldehyde (18a, 70 μL, 0.64 mmol, 1.0 eq). The resulting content was 
stirred for 24 h at 80 °C. The reaction vial was allowed to cool to room temperature, diluted in ethyl 
acetate and washed with HCl 1N (20 mL x 2). The aqueous layer was extracted with ethyl acetate (20 mL 
x 2). All organic layers were combined, dried over anhydrous MgSO4, concentrated in vacuo and then 
purified by silica gel chromatography to afford the desired product 20. 
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      General procedure for Rh-catalyzed oxidative amidation of pivaldehyde with primary and 
secondary alkyl amines (General procedure B) 
 
[Rh(COD)2]BF4 (7.80 mg, 0.0192 mmol, 3.0 mol %), PCy3 (10.77 mg, 0.0384 mmol, 6.0 mol %),  and 
Cs2CO3 (312.79 mg, 0.96 mmol, 1.5 eq) were added to a 20 mL vial equipped with a stir bar. After 
purging with nitrogen, to the vial was added THF (1.4 mL), methyl methacrylate (136.4 μL, 1.28 mmol, 
2.0 eq), alkyl amine (19, 1.6 mmol, 2.5 eq), and pivaldehyde (18a, 70 μL, 0.64 mmol, 1.0 eq). The 
resulting content was stirred for 24 h at 80 °C. The reaction vial was allowed to cool to room 
temperature, diluted in ethyl acetate and filtered to remove solid. The filtrate was concentrated in 
vacuo and purified by silica gel chromatography to afford the desired product 20. 
      General procedure for Rh-catalyzed oxidative amidation of sterically hindered primary alcohols 
with primary anilines (General procedure C) 
 
[Rh(COD)2]BF4 (7.80 mg, 0.0192 mmol, 3.0 mol %), Xantphos (11.11 mg, 0.0192 mmol, 3.0 mol %),  
primary alcohol (22, 0.64 mmol, 1.0 eq), and CsOAc (184.27 mg, 0.96 mmol, 1.5 eq) were added to a 20 
mL vial equipped with a stir bar. After purging with nitrogen, to the vial was added THF (1.4 mL), 
CF3COPh (197.7 μL, 1.408 mmol, 2.2 eq), aniline (19, 1.6 mmol, 2.5 eq). The resulting content was stirred 
for 24 h at 80 °C. The reaction vial was allowed to cool to room temperature, diluted in ethyl acetate 
and filtered to remove solid. The filtrate was concentrated in vacuo and purified by silica gel 
chromatography to afford the desired product 20. 
 N-phenyl-2,2-dimethylpropanamide (20aa, Tables 15 and 19): Prepared according to 
general procedure A from pivaldehyde (18a) with aniline in 82 % isolated yield or 
general procedure C from neopentyl alcohol (22a) with aniline in 94% isolated yield . Rf 
= 0.4 (4:1 hexane/EtOAc). mp = 129.5-130 ˚C 
1H NMR (500 MHz, CDCl3) δ: 7.53 (d, J = 8.0 Hz, 2H), 7.32 (t, J = 7.9 Hz, this triplet overlaps with a broad 




13C NMR (126 MHz, CDCl3) δ: 176.67, 138.12, 129.05, 124.29, 120.05, 39.72, 27.75 ppm. 
IR: ν  3313, 2968, 2931, 1654, 1597, 1532, 1436, 1317, 1242, 1170 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C11H15NO, 178.1232; found, 178.1235.  
 N-(4-methoxyphenyl)-2,2-dimethylpropanamide (20ab, Tables 15 and 19): 
Prepared according to general procedure A from pivaldehyde (18a) with 4-
methoxyaniline (1.5 eq, 10 h) in 69% isolated yield or general procedure C from 
neopentyl alcohol (22a) with 4-methoxyaniline (1.5 eq) in 84% isolated yield after 
24 h, or 79% yield after 1 h. Rf = 0.3 (3:1 hexane/EtOAc). mp = 121-122 ˚C 
1H NMR (500 MHz, CDCl3) δ: 7.41 (d, J = 8.9 Hz, 2H), 7.29 (s, br, 1H), 6.84 (d, J = 8.9 Hz, 2H), 3.78 (s, 3H), 
1.30 (s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 176.55, 156.41, 131.23, 122.01, 114.14, 55.58, 39.50, 27.75 ppm. 
IR: ν 3304, 3296, 2967, 2928, 2843, 1646, 1602, 1510, 1315, 1231, 1170, 1034 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C12H17NO2 , 208.1338 ; found, 208.1333.  
 N-(4-trifluoromethylphenyl)-2,2-dimethylpropanamide (20ac, Tables 15 and 19): 
Prepared according to general procedure A (100 ˚C) from pivaldehyde (18a) with 4-
(trifluoromethyl)aniline in 75% isolated yield or general procedure C from 
neopentyl alcohol (22a) with 4-(trifluoromethyl)aniline in 92% isolated yield. Rf = 
0.3 (5:1 hexane/EtOAc). mp = 154.4-155.8 ˚C 
1H NMR (500 MHz, CDCl3) δ: 7.66 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 8.6 Hz, 2H), 7.44 (s, br, 1H), 1.33 (s, 9H) 
ppm. 
13C NMR (126 MHz, CDCl3) δ: 176.99, 141.20, 126.32 (q, 3JCF = 3.9 Hz), 126.0 (q, 2JCF = 33.0 Hz), 124.20 (q, 
1JCF = 272.2 Hz), 119.61, 39.93, 27.67 ppm. 
IR: ν 3297, 2979, 1661, 1603, 1522, 1407, 1317, 1160, 1109, 1068 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C12H14F3NO, 246.1106; found, 246.1105.  
 N-(4-chlorophenyl)-2,2-dimethylpropanamide (20ad, Tables 15 and 19): Prepared 
according to general procedure A (100 ˚C) from pivaldehyde (18a) with 4-
chloroaniline in 87% isolated yield or general procedure C from neopentyl alcohol 







1H NMR (500 MHz, CDCl3) δ: 7.48 (d, J = 8.8 Hz, 2H), 7.31 (s, br, 1H), 7.28 (d, J = 8.8 Hz, 2H), 1.31 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ: 176.73, 136.70, 129.23, 129.04, 121.35, 39.76, 27.71 ppm. 
IR: ν 3293, 2967, 2935, 2873, 1653, 1593, 1523, 1492, 1396, 1309, 1244, 1174, 1087 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C12H14F3NO, 246.1106; found, 246.1105.  
 N-(2-methylphenyl)-2,2-dimethylpropanamide (20ae, Tables 15 and 19): Prepared 
according to general procedure A (100 ˚C) from pivaldehyde (18a) with 2-
methylaniline in 78% isolated yield or general procedure C from neopentyl alcohol 
(22a) with 2-methylaniline in 79% isolated yield. Rf = 0.4 (4:1 hexane/EtOAc). mp = 
105-107 ˚C 
1H NMR (500 MHz, CDCl3) δ: 7.85 (dd, J = 8.1, 1.3 Hz, 1H), amide NH proton underneath solvent peak, 
7.19 (m, 2H), 7.06 (td, J = 7.5, 1.3 Hz, 1H), 2.25 (s, 3H), 1.34 (s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 176.56, 135.95, 130.46, 128.85, 126.90, 125.00, 122.95, 39.83, 27.82, 17.73 
ppm. 
IR: ν 3348, 2966, 2927, 2869, 1655, 1585, 1512, 1456, 1252, 1169 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C12H17NO, 192.1388; found, 192.1387.  
 N-octyl-2,2-dimethylpropanamide (20af, Table 15): Prepared according to general 
procedure B from pivaldehyde (18a) with n-octylamine in 71 % isolated yield. Rf = 0.5 
(2% by volume MeOH in CHCl3). 
1H NMR (500 MHz, CDCl3) δ: 5.65 (s, 1H), 3.20 (q, J = 7.0 Hz, 2H), 1.46 (p, J = 7.3 Hz, 
2H), 1.26 (m, 10H), 1.17 (s, 9H), 0.85 (t, J = 7.0 Hz, 1H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 178.39, 39.66, 38.70, 31.87, 29.71, 29.35, 29.29, 27.71, 26.99, 22.72, 14.18 
ppm.  
IR: ν 3347, 2958, 2926, 2856, 1637, 1534, 1461, 1366, 1212 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C13H27NO, 214.2171; found, 214.2172.  
 N-benzyl-2,2-dimethylpropanamide (20ag, Table 15): Prepared according to general 






or from neopentyl alcohol (22a) and benzylamine (dppp as ligand) in 58% isolated yield. Rf = 0.3 (2:1 
hexane/EtOAc). mp = 78-79 ˚C 
1H NMR (500 MHz, CDCl3) δ: 7.34 (t, J = 7.3 Hz, 2H), 7.27 (m, overlap with solvent peak, integration gives 
1 extra proton due to solvent, 4H), 5.91 (s, br, 1H), 4.44 (d, J = 5.6 Hz, 2H), 1.23 (s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 178.38, 138.74, 128.79, 127.72, 127.50, 43.66, 38.81, 27.72 ppm. 
IR: ν 3303, 2969, 2924, 1635, 1540, 1452, 1218 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C12H17NO, 192.1388; found, 192.1390.  
 N-(2-furfuryl)-2,2-dimethylpropanamide (20ah, Table 15): Prepared according to 
general procedure B from pivaldehyde (18a) with 2-furfurylamine in 77 % isolated 
yield. Rf = 0.15 (2:1 hexane/EtOAc).  
1H NMR (500 MHz, CDCl3) δ: 7.35 (dd, J = 1.8, 0.9 Hz, 1H), 6.32 (dd, J = 3.2, 1.9 Hz, 
1H), 6.21 (d, J = 3.3 Hz, 1H), 5.92 (s, br, 1H), 4.42 (d, J = 5.4 Hz, 2H), 1.20 (s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 178.35, 151.61, 142.21, 110.50, 107.32, 38.81, 36.78, 27.60 ppm. 
IR: ν 3355, 2964, 2957, 2873, 1735, 1640, 1525, 1367, 1205 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C10H15NO2, 182.1181; found, 182.1184.  
 N-(2-morpholinoethyl)-2,2-dimethylpropanamide (20ai, Table 15): Prepared 
according to general procedure B (100 ˚C, 48 h) from pivaldehyde (18a) with 4-
(2-aminoethyl)morpholine in 91 % isolated yield. Rf = 0.27 (10% by volume 
MeOH in CHCl3). 
1H NMR (500 MHz, CDCl3) δ: 6.28 (s, br, 1H), 3.67 (t, J = 4.7 Hz, 4H), 3.29 (td, J = 6.1, 4.9 Hz, 2H), 2.47 (t, J 
= 6.1 Hz, overlapping with the singlet at 2.45, two peaks integrate to 6H), 2.45 (t, br, J = 4.8 Hz), 1.17 (s, 
9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 178.66, 67.12, 56.84, 53.32, 38.73, 35.69, 27.64 ppm. 
IR: ν 3316, 3080, 2864, 2867, 2817, 2798, 1635, 1548, 1460, 1364, 1305, 1209, 1113, 1010 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C11H22N2O, 215.1760; found, 215.1759.  
 N-(1-phenylethyl)-2,2-dimethylpropanamide (20aj, Table 15): Prepared according 
to general procedure B from pivaldehyde (18a) with (R)-1-phenylethylamine in 60% 






1H NMR (500 MHz, CDCl3) δ: 7.29 (m, 5H), 5.85 (s, br, 1H), 5.10 (p, J = 7.1 Hz, 1H), 1.47 (d, J = 6.8, 3H), 
1.19 (s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 177.53, 143.59, 128.73, 127.29, 126.09, 48.53, 38.66, 27.64, 21.81 ppm. 
IR: ν 3335, 3031, 2975, 2933, 2870, 1637, 1526, 1479, 1453, 1219, 1212 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C13H19NO, 206.1545; found, 206.1541.  
HPLC conditions: 
Daicel Chiralcel® OJ-H column, 1.0mL/min. 
Normal phase chiral. 
99.5 : 0.5 Hexanes: iPr–OH 
 
 
Figure 22: HPLC data for N-(1-phenylethyl)-2,2-dimethylpropanamide prepared from pivaldehyde and 





Figure 23: HPLC data for N-(1-phenylethyl)-2,2-dimethylpropanamide (20aj) prepared from pivaldehyde 
and (R)-1-phenylethylamine.  
 N-benzyl-N-methyl-2,2-dimethylpropanamide (20ak, Table 15): Prepared 
according to general procedure B from pivaldehyde (18a) with N-methylbenzylamine 
in 52% isolated yield. Rf = 0.2 (3% by volume MeOH in CHCl3). 
1H NMR (500 MHz, CDCl3) δ: 7.32 (t, J = 7.6 Hz, 2H), 7.25 (t, J = 7.3 Hz, 1H), 7.19 (d, J 
= 7.5 Hz, 2H), 4.64 (s, 2H), 2.97 (s, 3H), 1.33 (s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 177.89, 137.66, 128.71, 127.38, 127.28, 53.29, 39.00, 36.21, 28.51 ppm. 
HRMS (ESI-TOF) m/z: [M+H+] calculated for C13H19NO, 206.1545; found, 206.1551.  
1-morpholino-2,2-dimethylpropan-1-one (20al, Table 15): Prepared according to 
general procedure B from pivaldehyde (18a) with morpholine in 66 % isolated yield. Rf 
= 0.4 (1:2 hexane/EtOAc). mp = 70-71 ˚C 
1H NMR (500 MHz, CDCl3) δ: 3.65 (m, 8H), 1.27 (s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 176.56, 67.03, 45.86, 38.69, 28.42 ppm. 
IR: ν 2958, 2928, 2862, 1612, 1416, 1364, 1260, 1185, 1104 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C9H17NO2, 172.1338; found, 172.1341.  
1-(N-tetrahydroisoquinolinyl)-2,2-dimethylpropan-1-one (20am, Table 15): 
Prepared according to general procedure B from pivaldehyde (18a) with 






CHCl3). mp = 65-66 ˚C 
1H NMR (500 MHz, CDCl3) δ: 7.16 (m, 4H), 4.75 (s, 2H), 3.85 (t, J = 5.6 Hz, 2H), 2.88 (t, J = 5.9 Hz, 2H), 
1.32 (s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 176.80 , 134.46 , 133.65 , 128.78 , 128.48 , 126.63 , 126.41 (d, J = 2.4 Hz), 
47.50 , 43.50 , 38.92 , 29.07 , 28.43 ppm. 
IR: ν 3059, 2996, 2970, 2851, 1620, 1463, 1416, 1360, 1253, 1175, 1110 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C14H19NO 218.1545, found 218.1537.  
1-(N-pyrrolidinyl)-2,2-dimethylpropan-1-one (20an, Table 15): Prepared according to 
general procedure B from pivaldehyde (18a) with pyrrolidine in 88 % isolated yield. Rf = 
0.3 (3% by volume MeOH in CHCl3). 
1H NMR (500 MHz, CDCl3) δ: 3.51 (s, br, 4H), 1.85 (s, br, 4H), 1.23 (s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 176.54 , 47.96 , 39.03 , 27.60 ppm. 
IR: ν 2964, 2949, 2874, 1604, 1476, 1408, 1362, 1184 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C9H17NO, 156.1388; found, 156.1393.  
1-(4-Boc-piperazinyl)-2,2-dimethylpropan-1-one (20ao, Table 15): Prepared 
according to general procedure B from pivaldehyde (18a) with 1-boc-piperazine in 
87 % isolated yield. Rf = 0.25 (2% by volume MeOH in CHCl3). mp = 149.5-150.5 ˚C 
1H NMR (500 MHz, CDCl3) δ: 3.58 (t, br, J = 4.9 Hz, 4H), 3.39 (t, br, J = 5.2 Hz, 4H), 
1.44 (s, 9H), 1.25 (s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 176.63 , 154.72 , 80.25 , 44.99 (br) , 38.75 , 28.45 ppm. 
IR: ν 2968, 2928, 2868, 1683, 1611, 1421, 1361, 1283, 1236, 1171 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C14H26N2O3, 271.2022; found, 271.2027.  
1-[4-(2-pyrimidyl)-piperazinyl]-2,2-dimethylpropan-1-one (20ap, Table 15): 
Prepared according to general procedure B from pivaldehyde (18a) with 1-(2-
pyrimidyl)piperazine in 67 % isolated yield. Rf = 0.2 (2% by volume MeOH in CHCl3). 
mp = 123-124 ˚C 
1H NMR (500 MHz, CDCl3) δ: 8.31 (d, J = 4.7 Hz, 2H), 6.52 (t, J = 4.7 Hz, 1H), 3.80 (m, 






13C NMR (126 MHz, CDCl3) δ: 176.68, 161.74, 157.84, 110.52, 45.05, 43.94, 38.81, 28.52 ppm. 
IR: ν 2967, 2930, 2862, 1684, 1614, 1585, 1497, 1420, 1355, 1253, 1186 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C13H20N4O, 249.1715; found, 249.1715.  
1-(4-methyl-piperazinyl)-2,2-dimethylpropan-1-one (20aq, Table 15): Prepared 
according to general procedure B from pivaldehyde (18a) with 1-methyl-piperazine in 
60% isolated yield. Rf = 0.2 (5% by volume MeOH in CHCl3).  
1H NMR (500 MHz, CDCl3) δ: 3.65 (s, br, 4H), 2.39 (t, J = 5.1 Hz, 4H), 2.29 (s, 3H), 1.27 
(s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 176.33, 55.06, 45.92, 44.93, 38.64, 28.42 ppm. 
IR: ν 2977, 2938, 2795, 1621, 1419, 1364, 1291, 1193, 1140 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C10H20N2O, 185.1654; found, 185.1656.  
1-(4-methyl-homopiperazinyl)-2,2-dimethylpropan-1-one (20ar, Table 15): Prepared 
according to general procedure B from pivaldehyde (18a) with 1-
methylhomopiperazine in 25 % isolated yield. Rf = 0.25 (15% by volume MeOH in 
CHCl3). 
1H NMR (500 MHz, CDCl3) δ: 3.63 (t, br, J = 6.1 Hz, 4H), 2.61 (m, 2H), 2.54 (m, 2H), 2.34 (s, 3H), 1.94 (p, J 
= 6.3 Hz, 2H), 1.26 (s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 177.20, 47.37, 46.76, 39.12, 28.66 ppm. 
IR: ν 2940, 2876, 2801, 1619, 1459, 1410, 1364, 1178 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C11H22N2O, 199.1810; found, 199.1809.  
 N-(4-(ethoxyacyl)phenyl)-2,2-dimethylpropanamide (20as, Table 19): Prepared 
according to general procedure C from neopentyl alcohol (22a) with ethyl 4-
aminobenzoate in 94% isolated yield . Rf = 0.3 (4:1 hexane/EtOAc). mp = 89-90 ˚C 
1H NMR (500 MHz, CDCl3) δ: 8.01 (d, J = 8.7 Hz, 2H), 7.62 (d, J = 8.7 Hz, 2H), 7.47 (s, 
br, 1H), 4.35 (q, J = 7.2 Hz, 2H), 1.39 (t, J = 7.1 Hz, 3H), 1.33 (s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 176.93, 166.26, 142.28, 130.81, 125.93, 119.04, 60.97, 39.95, 27.67, 14.46 
ppm. 






HRMS (ESI-TOF) m/z: [M+H+] calculated for C14H19NO3, 250.1443; found, 250.1445.  
 N-(4-biphenyl)-2,2-dimethylpropanamide (20at, Table 19): Prepared according to 
general procedure C (48 h) from neopentyl alcohol (22a) with 4-aminobiphenyl in 
54% isolated yield . Rf = 0.3 (10:1 hexane/EtOAc). mp = 65-66 ˚C 
1H NMR (500 MHz, CDCl3) δ: 8.37 (dd, J = 7.5, 1.2 Hz, 1H), 7.46 (m, 4H), 7.37 (m, 
3H), 7.24 (dd, J = 7.6, 1.7 Hz, 1H), 7.16 (td, J = 7.5, 1.2 Hz, 1H), 1.09 (s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 176.35, 138.26, 135.31, 132.31, 129.81, 129.46, 129.15, 128.58, 128.16, 
123.99, 121.04, 39.90, 27.49 ppm. 
IR: ν 3262, 3059, 2972, 1646, 1505, 1499 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C17H19NO, 254.1545; found, 254.1544.  
 N-(1-naphthyl)-2,2-dimethylpropanamide (20au, Table 19): Prepared according to 
general procedure C from neopentyl alcohol (22a) with 1-naphthylamine in 78% 
isolated yield . Rf = 0.26 (5:1 hexane/EtOAc). mp = 139-141 ˚C 
1H NMR (500 MHz, CDCl3) δ: 7.96 (d, J = 8.1 Hz, 1H), 7.87 (dd, J = 7.2, 1.5 Hz, 1H), 
7.78 (dd, J = 8.0, 1.6 Hz, 2H), 7.69 (d, J = 8.2 Hz, 1H), 7.51 (m, 3H), 1.44 (s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 177.06, 134.25, 132.56, 128.97, 127.49, 126.39, 125.99, 125.90, 125.70, 
121.01, 120.39, 40.00, 27.95 ppm. 
IR: ν 3273, 3053, 2965, 1648, 1504, 1393, 1268, 1188 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C15H17NO, 228.1388; found, 228.1389.  
 N-(3-pyridinyl)-2,2-dimethylpropanamide (20av, Table 19): Prepared according to 
general procedure C (48 h) from neopentyl alcohol (22a) with 3-aminopyridine in 84% 
isolated yield . Rf = 0.35 (10% by volume MeOH in CHCl3). mp = 120-121 ˚C 
1H NMR (500 MHz, CDCl3) δ: 8.54 (d, J = 2.6 Hz, 1H), 8.29 (dt, J = 4.8, 1.4 Hz, 1H), 8.13 
(ddd, J = 8.5, 2.7, 1.4 Hz, 1H), 7.69 (s, br, 1H), 7.23 (dd, J = 8.4, 4.7 Hz, 1H), 1.30 (s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 177.42, 145.19, 141.55, 135.05, 127.70, 123.71, 39.79, 27.62 ppm. 
IR: ν 3231, 3170, 2970, 2932, 1678, 1587, 1538, 1475, 1419, 1281, 1264, 1162 cm-1.  






 N-(3-quinolinyl)-2,2-dimethylpropanamide (20aw, Table 19): Prepared according 
to general procedure C from neopentyl alcohol (22a) with 3-aminoquinoline in 94% 
isolated yield . Rf = 0.35 (1:2 hexane/EtOAc). mp = 161-162 ˚C 
1H NMR (500 MHz, CDCl3) δ: 8.74 (m, 2H), 7.99 (dd, J = 8.4, 1.2 Hz, 1H), 7.83 (s, 1H), 
7.72 (dd, J = 8.3, 1.5 Hz, 1H), 7.59 (ddd, J = 8.5, 7.0, 1.5 Hz, 1H), 7.49 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 1.36 
(s, 9H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 177.60, 145.22, 144.32, 131.66, 128.96, 128.32, 128.26, 127.82, 127.28, 
124.35, 39.92, 27.69 ppm. 
IR: ν 3293, 3067, 2965, 2928, 2872, 1655, 1534, 1490, 1365, 1341, 1210 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C14H16N2O, 229.1341; found, 229.1348.  
 N-[3,4-(methylenedioxy)phenyl]-2,2-dimethylpropanamide (20ax, Table 19): 
Prepared according to general procedure C from neopentyl alcohol (22a) with 3,4-
(methylenedioxy)aniline in 93% isolated yield . Rf = 0.4 (2:1 hexane/EtOAc). mp = 
110-111 ˚C 
1H NMR (500 MHz, CDCl3) δ: 7.31 (s, 1H), 7.23 (d, J = 1.9 Hz, 1H), 6.76 (dd, J = 8.3, 2.2 Hz, 1H), 6.71 (d, J = 
8.3 Hz, 1H), 1.28 (s, 5H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 176.62, 147.83, 144.25, 132.36, 113.39, 108.00, 103.24, 101.30, 39.54, 
27.69 ppm. 
IR: ν 3341, 2963, 2892, 1651, 1633, 1543, 1486, 1466, 1339, 1191, 1036 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C12H15NO3, 222.1130; found, 222.1134.  
 N-[4-(phenylamino)phenyl]-2,2-dimethylpropanamide (20ay, Table 19): 
Prepared according to general procedure C from neopentyl alcohol (22a) with N-
phenylaniline in 86% isolated yield . Rf = 0.4 (3% by volume MeOH in CHCl3). mp = 
128-129 ˚C 
1H NMR (500 MHz, CDCl3) δ: 7.41 (d, J = 8.8 Hz, 2H), 7.29 (s, br, 1H), 7.26 (t, overlapping with solvent 
peak, 2H), 7.04 (d, J = 8.7 Hz, 2H), 7.01 (dd, J = 8.7, 1.1 Hz, 2H), 6.90 (tt, J = 7.3, 1.1 Hz, 1H), 5.70 (s, br, 






13C NMR (126 MHz, CDCl3) δ: 176.59, 143.73, 139.56, 131.83, 129.45, 121.81, 120.66, 119.15, 117.13, 
39.56, 27.78 ppm. 
IR: ν 3395, 3316, 3032, 2958, 2868, 1647, 1596, 1516, 1490, 1399, 1314, 1234, 1167 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C17H20N2O 269.1654 found 269.1653.  
 N-phenyl-1-methylcyclohexane-1-carboxamide (20ba, Tables 16 and 21): Prepared 
according to general procedure A from 1-methylcyclohexane-1-carbaldehyde (18b) 
with aniline in 44 % isolated yield or general procedure C from (1-
methylcyclohexyl)methanol (22b) with aniline in 60% isolated yield . Rf = 0.4 (4:1 
hexane/EtOAc). mp = 106-107 ˚C 
1H NMR (500 MHz, CDCl3) δ: 7.54 (dd, J = 8.8, 1.2 Hz, 2H), 7.40 (s, 1H), 7.31 (dd, J = 8.5, 7.3 Hz, 2H), 7.09 
(tt, J = 7.5, 1.3 Hz, 1H), 2.02 (m, 2H), 1.60 (m, 2H), 1.47 (m, 6H), 1.25 (s, 3H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 176.03, 138.22, 129.00, 124.19, 120.13, 43.69, 35.82, 26.52, 25.84, 23.00 
ppm. 
IR: ν 3320, 2950, 2925, 2855, 1646, 1597, 1532, 1439, 1314, 1250 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C14H19NO 218.1545 found 218.1544.  
 N-phenyl-2-methyl-2-phenylpropanamide (20ca, Table 21): Prepared according to 
general procedure C from 2-methyl-2-phenylpropan-1-ol (22c) with aniline in 93% 
isolated yield. Rf = 0.4 (4:1 hexane/EtOAc). mp = 100-101˚C 
1H NMR (500 MHz, CDCl3) δ: 7.45 (m, 2H), 7.41 (m, 2H), 7.35 (m, 3H), 7.26 (m, 3H, 
integration gives 1 extra proton due to solvent peak), 7.06 (ddt, J = 8.5, 7.5, 1.1 Hz, 1H), 6.79 (s, br, 1H), 
1.67 (s, 6H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 175.67, 144.66, 138.06, 129.11, 128.98, 127.51, 126.59, 124.23, 119.72, 
48.17, 27.14 ppm. 
IR: ν 3312, 3058, 2973, 2930, 1656, 1599, 1532, 1490, 1437, 1316, 1253, 1146 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C16H17NO, 240.1388; found, 240.1391.  
 N-phenyl-2,2-dimethyl-3-phenylpropanamide (20da, Table 21): Prepared 
according to general procedure C from 2,2-dimethyl-3-phenylpropan-1-ol (22d) 







1H NMR (500 MHz, CDCl3) δ: 7.39 (dd, J = 8.6, 1.2 Hz, 2H), 7.30 (dd, J = 8.5, 7.3 Hz, 2H), 7.24 (m, 4H, 
integration gives 1 extra proton due to solvent), 7.16 (d, J = 6.4 Hz, 2H), 7.10 (tt, J = 7.2, 1.1 Hz, 1H), 7.00 
(s, br, 1H), 2.93 (s, 2H), 1.31 (s, 6H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 175.36, 137.88, 137.71, 130.30, 128.97, 128.21, 126.67, 124.45, 120.46, 
47.13, 44.33, 25.42 ppm. 
IR: ν 3325, 3058, 2973, 2928, 1659, 1601, 1541, 1500, 1436, 1431, 1314, 1245 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C17H19NO, 254.1545; found, 254.1545.  
 N-phenyl-2,2-dimethylpentanamide (20ea, Table 21): Prepared according to 
general procedure C (5 mol % catalyst loading, 2.0 eq CsOAc) from 2,2-
dimethylpentan-1-ol (22e) with aniline (4.0 eq) in 57% isolated yield . Rf = 0.4 (4:1 
hexane/EtOAc). mp = 67-68 ˚C 
1H NMR (500 MHz, CDCl3) δ: 7.52 (dd, J = 8.6, 1.2 Hz, 2H), 7.31 (m, 3H, a triplet overlapping with a broad 
NH singlet), 7.10 (tt, J = 7.4, 1.1 Hz, 1H), 1.58 (m, 2H), 1.33 (m, 2H), 1.28 (s, 6H), 0.92 (t, J = 7.3 Hz, 3H) 
ppm. 
13C NMR (126 MHz, CDCl3) δ: 176.18, 138.07, 129.01, 124.26, 120.15, 43.95, 43.13, 25.59, 18.25, 14.70 
ppm. 
IR: ν 3318, 2958, 2954, 2872, 1653, 1598, 1532, 1500, 1435, 1312, 1242, 1165 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C13H19NO 206.1545, found 206.1541.  
 N-phenyl-2,2,5-trimethyl-1,3-dioxane-5-carboxamide (20fa, Table 21): Prepared 
according to general procedure C from (2,2,5-trimethyl-1,3-dioxan-5-yl)methanol 
(22f) with aniline in 87% isolated yield . Rf = 0.25 (3:1 hexane/EtOAc). mp = 82-83 
˚C 
1H NMR (500 MHz, CDCl3) δ: 9.19 (s, br, 1H), 7.58 (dd, J = 7.5, 1.2 Hz, 2H), 7.32 (dd, J = 8.5, 7.3 Hz, 2H), 
7.09 (tt, J = 7.4, 1.2 Hz, 1H), 4.00 (dd, J = 12.4, 1.3 Hz, 2H), 3.87 (dd, J = 12.4, 1.3 Hz, 2H), 1.53 (two 
overlapping singlets, 6H), 1.08 (s, 3H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 173.15, 138.43, 129.07, 124.11, 119.95, 98.90, 67.31, 40.85, 29.54, 18.02, 
17.78 ppm. 





HRMS (ESI-TOF) m/z: [M+H+] calculated for C14H19NO3, 272.1263; found, 272.1265.  
 N-phenyl-2,2-dimethylpentanamide (20ga, Table 21): Prepared according to 
general procedure C (5 mol % catalyst loading, 2.0 eq CsOAc, 100 ˚C) from 2,2-
dimethylpentan-1-ol (22e) with aniline in 70% isolated yield . Rf = 0.35 (4:1 
hexane/EtOAc). 
1H NMR (500 MHz, CDCl3) δ: 8.65 (s, br, 1H), 7.61 (d, J = 8.6 Hz, 2H), 7.34 (dd, J = 
8.5, 7.3 Hz, 2H), 7.12 (t, J = 7.5 Hz, 1H), 3.58 (m, 4H), 1.58 (s, 3H), 1.26 (t, J = 7.0 Hz, 6H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 168.61, 137.21, 129.14, 124.64, 119.78, 100.21, 58.12, 22.07, 15.42 ppm. 
IR: ν 3393, 2979, 2935, 2894, 1694, 1603, 1525, 1442, 1258, 1150, 1126, 1048 cm-1.  




















CHAPTER 3: DEVELOPMENT OF RHODIUM-CATALYZED TANDEM REACTIONS FOR THE SYNTHESIS OF 
BETA-SUBSTITUTED AND ALPHA,BETA-DISUBSTITUTED AMIDES 
3.1 RHODIUM-CATALYZED ASYMMETRIC SYNTHESIS OF BETA-BRANCHED AMIDES FROM ALLYLAMINES 
3.1.1 Introduction 
      As mentioned in the introduction of Chapter 2, our goal in developing metal-catalyzed oxidative 
amidation reactions is to address the current drawbacks in this area, namely low reactivity of sterically 
hindered substrates and less nucleophilic amines, and the lack of asymmetric transformations. While 
systems described in the previous chapter successfully converted aldehydes and alcohols to amides 
containing quaternary carbon at the alpha position, the synthesis of enantiomerically enriched alpha- 
and/or beta-substituted amides required other methods which would allow us to set the desired 
stereocenter(s).  
Scheme 41: Asymmetric isomerization – oxidative amidation of allyl alcohols 
 
      Our approach was to employ tandem processes that include asymmetric isomerization and/or 
rearrangement step(s) to form an enantiomerically enriched intermediate which would then be 
converted to amides. Our previously reported amidation of allyl alcohols could be one such process, in 
which trisubstituted allylic alcohols were converted to chiral aldehydes which could then undergo 
oxidative amidation to form β-branched amides. However, when this reaction was carried out with (R)-
BINAP as the ligand, only moderate er was observed (Scheme 41).60 This result was consistent with a 
previous report.80 A ferrocene-based chiral ligand has been demonstrated to be highly effective in the 
asymmetric isomerization of allylic alcohols to aldehydes;81 however we had difficulty in preparing this 
ligand. As such, we aimed for an enantioselective process using readily available chiral ligands for the 
preparation of β-branched amides. 
      Enantiopure β-branched amides are found in a number of natural products and biologically active 
molecules (Figure 23).82–84 This motif can be constructed directly via enantioselective hydrogenation of 
α,β-unsaturated amides, however this reaction has the drawbacks of low reactivity and limited substrate 
scope.85–87 Chiral β-branched amides are more commonly synthesized from the corresponding 
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enantiomerically enriched carboxylic acids, which are prepared by asymmetric hydrogenation85,86 or 
alkylation88 (Scheme 42). These methods, while effective, often require traditional, poor atom-
economical amidation to convert the acids to the desired amides.89 
 
Figure 24: Examples of biologically active compounds containing chiral β-branched amides. 
        Since allyl alcohols had proved to be ineffective substrates in this tandem process, we turned our 
attention to a related class of substrates: allylamines. Noyori had shown that a cationic rhodium 
complex catalyzed a highly enantioselective isomerization of allylamines to chiral enamines (Scheme 
43),90,91 which are also intermediates in our oxidative amidation of allyl alcohols.60  
Scheme 42: Preparation of β-branched amides following asymmetric synthesis of carboxylic acids 
 
Scheme 43: Noyori’s asymmetric isomerization of allylamines 
 
      Based on this reaction, we have established optimized reaction conditions for converting allylic 
amines to chiral β-branched amides in good yield and excellent enantioselectivity.92 The proposed 
reaction path way is shown in Scheme 44. Intermediate A did not undergo amidation, consistent with 
previous observation that diethylamine was an ineffective amine in the oxidative amidation of allyl 
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alcohols. In the presence of another amine, A would undergo amine exchange to form enamine B which 
would then be converted to the amide product.  
Scheme 44: Proposed reaction pathway for the asymmetric amidation of allylamines 
 
      The rest of this section (3.1) focuses on my actual contributions to this project, the work of my 
colleagues Zhao Wu (ZW), Summer Laffoon (SL) and Jacob McAlpin (JM) when included will be credited 
accordingly. 
3.1.2 Optimization of reaction conditions 
      Optimized reaction conditions for secondary amine nucleophiles are shown in Scheme 45a (ZW). The 
key change from the allyl alcohol conditions was the use of BArF4 as counter ion. Additionally, Cs2CO3 and 
styrene were the superior base and hydrogen acceptor. The equivalents of base, hydrogen acceptor and 
amine were all lowered compared to reactions of allyl alcohols. Primary amines showed significantly 
different reactivity compared to secondary ones, and thus a new set of condition with different base and 
hydrogen acceptor and higher temperature was required as shown in Scheme 45b (JM).  
Scheme 45: Optimized reaction conditions for secondary (a) and primary (b) aliphatic amines 
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Table 23: Selective optimization for the amidation reaction of allylamine with aniline 
 
Entry Base (X mol %) Hydrogen acceptor (Y)  Z THF/H2O (v:v) % Yield b 
1 CsOH•H2O (150) Styrene (3 equiv)  3 1 : 1 47 
2 CsOAc (150) Styrene (3 equiv)  3 1 : 1 51 
3 Cs2CO3 (150) Styrene (3 equiv)  3 1 : 1 64 
4 Cs2CO3 (150) Acetone (3 equiv)  3 1 : 1 44 
5 Cs2CO3 (150) CF3COPh (3 equiv)  3 1 : 1 29 
6 Cs2CO3 (150)  Styrene (3 equiv)  2.5 1 : 1 61 
7 Cs2CO3 (150) Styrene (3 equiv)  2 1 : 1 55 
8 Cs2CO3 (150) Styrene (3 equiv)  1.5 1 : 1 40 
9 Cs2CO3 (150) Styrene (1.5 equiv)  3 1 : 1 63 
10 Cs2CO3 (150) Styrene (1.2 equiv)  3 1 : 1 54 
11 Cs2CO3 (120) Styrene (1.5 equiv)  3 1 : 0.3 60 
12 Cs2CO3 (100) Styrene (1.5 equiv)  3 1 : 0.3 67 
13 Cs2CO3 (90) Styrene (1.5 equiv)  3 1 : 0.3 78 
14 Cs2CO3 (68) Styrene (1.5 equiv)  3 1 : 0.3 65 
15 Cs2CO3 (45) Styrene (1.5 equiv)  3 1 : 0.3 54 
16 Cs2CO3 (90) Styrene (1.5 equiv)  3 1 : 0.6 56 
a General conditions of these screens: cinnamyl diethylamine (1.0 equiv, 0.12 mmol), aniline (Z equiv), 
hydrogen acceptor (Y equiv), base (X mol %), THF (0.1 mL, 1.2 M), DI H2O. b In situ yield determined by 
GC analysis and comparison to an internal standard.  
      Starting with conditions in Scheme 45a, the reaction was optimized for aniline nucleophiles (Table 
23). Cs2CO3 was the superior base (entries 1-3), styrene was the most effective hydrogen acceptor 
(entries 3-5). Higher equivalents of amine and base were required for these less nucleophilic amines.  
3.1.3 Scope of the isomerization – amidation reaction of allylamines 
      With the optimized conditions in hand, we proceeded to explore the scope of the reaction condition, 
firstly with racemic BINAP as ligand and allylamine 23 as substrate. The amine scope is shown in Table 
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24 (with ZW, SM and JM). A number of anilines afforded the desired products in decent yields, with aryl 
halide (24d) and sterically hindered o-anisidine (24e) tolerated. Electron deficient aniline gave lower 
yield (24c). Secondary cyclic (24f’, 24h’, 24l) and acyclic (24j’, 24k) were both effective nucleophiles in 
this reaction. Primary amines, on the other hand, were challenging nucleophiles, requiring harsher 
conditions (higher temperature and base equivalent) to generate products 24g and 24i in 64% and 39% 
isolated yield, respectively.  
Table 24: Amine scope in the isomerization – amidation reaction of allylamine 23 
 
a Condition A : anilines (3.0 equiv), Cs2CO3 (90 mol %), styrene (1.5 equiv), THF/H2O (1:0.3) b Condition B: 
2° amines (1.05 equiv), Cs2CO3 (20 mol %), styrene (1.5 equiv), THF/H2O (1:0.2) c Condition C: 1° alkyl 
amine (1.0 equiv), KOH (2.5 equiv), acetone (1.0 equiv), THF/H2O (1:1), 100 °C. 
      We then moved on to assess the enantioselectivity of this transformation, using (R)-BINAP as ligand 
and pro-chiral substrate (E)-geranyl diethyl amine 25a (Table 25, with ZW and JM). This was the same 
substrate used in Noyori’s isomerization. Under the appropriate reaction conditions (A, B or C, as in 
Table 24 above), all three types of nucleophiles reacted to form the desired β-branched amides in 





Table 25: Asymmetric isomerization – amidation of (E)-geranyl diethylamine 
 
a,b,c See Table 24 for conditions. 
Table 26: Scope of allylamines in the asymmetric isomerization – amidation reaction 
 
      Finally, the substrate scope was investigated (Table 26, with ZW, SL and JM; my contributions 
included 26fl, 26ha and 26ja). A variety of 3,3-aryl,alkyl allylic diethylamines in good yields and excellent 
enantioselectivities (26bl – 26ha). The alkyl group varies in size, with both smaller, primary ones (Me, Et, 
n-Bu) to larger, secondary one (i-Pr), all gave good results. Aryl halides (26fl, 26ga) were tolerated, 
although yield was lower for 26ga due to protodebromination. The absolute configuration of the 
product 26og was determined by X-ray chrystallography (SL) and the rest by analogy.  
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      More impressive was the excellent enantioselectivity obtained from 3,3-dialklyl (26il – 26lg) and 3,3-
diaryl allylic diethylamines (26mg – 26ok) as the steric difference between the two substituents in many 
cases were minimal. This is thanks to the highly stereoselective isomerization step, and thus the 
enantiomeric ratios of the products depend mostly on the Z/E ratios of the allylic amine substrates. 
Amides containing heterocycles (26og, 26ok) and β-cyclic system (26pg) were also synthesized in good 
yields.  
3.1.4 Experimental procedures 
      General Experimental Procedures: All reactions were carried out in flame-dried (or oven-dried at 
140 °C for at least 2 h) glassware under an atmosphere of nitrogen unless otherwise indicated. Nitrogen 
was dried using a drying tube equipped with Drierite™ unless otherwise noted. Air- and moisture-
sensitive reagents were handled in a nitrogen-filled glovebox (working oxygen level ~ 0.1 ppm).  Column 
chromatography was performed with silica gel from Grace Davison Discovery Sciences (35-75 μm) with a 
column mixed as a slurry with the eluent and was packed, rinsed, and run under air pressure. Analytical 
thin-layer chromatography (TLC) was performed on pre-coated glass silica gel plates (by EMD Chemicals 
Inc.) with F-254 indicator. Visualization was either by short wave (254 nm) ultraviolet light, or by staining 
with potassium permanganate followed by brief heating on a hot plate or by a heat gun. Distillations 
were performed using a 3 cm short-path column under reduced pressure or by using a Hickman still at 
ambient pressure. 
      Instrumentation: 1H NMR and 13C NMR were recorded on a Varian Unity 400/500 MHz (100/125 
MHz respectively for 13C) or a VXR-500 MHz spectrometer. Spectra were referenced using either CDCl3 
or C6D6 as solvents (unless otherwise noted) with the residual solvent peak as the internal standard (1H 
NMR: δ 7.26 ppm, 13C NMR: δ 77.00 ppm for CDCl3 and 1H NMR: δ 7.15 ppm, 13C NMR: δ 128.60 ppm for 
C6D6). Chemical shifts were reported in parts per million and multiplicities are as indicated: s (singlet,) d 
(doublet,) t (triplet,) q (quartet,) p (pentet,) m (multiplet,) and br (broad). Coupling constants, J, are 
reported in Hertz and integration is provided, along with assignments, as indicated. Analysis by Gas 
Chromatography-Mass Spectrometry (GC-MS) was performed using a Shimadzu GC-2010 Plus Gas 
chromatograph fitted with a Shimadzu GCMS-QP2010 SE mass spectrometer using electron impact (EI) 
ionization after analytes traveled through a SHRXI–5MS- 30m x 0.25 mm x 0.25 μm column using a 
helium carrier gas.  Data are reported in the form of m/z (intensity relative to base peak = 100). Gas 
Chromatography (GC) was performed on a Shimadzu GC-2010 Plus gas chromatograph with SHRXI–MS- 
15m x 0.25 mm x 0.25 μm column with nitrogen carrier gas and a flame ionization detector (FID). 
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Enantiomeric ratios were measured on either WatersTM 600 Series HPLC with WatersTM 996 PAD or 
Agilent Technologies 1100 HPLC with diode array detector using Chiralpak IC-3, or ID-3 columns. High 
Resolution Mass Spectrometry was performed in the Department of Chemistry at University of Illinois at 
Urbana-Champaign. The glove box, MBraun LABmaster sp, was maintained under nitrogen atmosphere. 
Melting points were recorded on a Thomas Hoover capillary melting point apparatus and are 
uncorrected. 
      Materials: Solvents used for extraction and column chromatography were reagent grade and used as 
received. Reaction solvents tetrahydrofuran (Fisher, unstabilized HPLC ACS grade), diethyl ether (Fisher, 
BHT stabilized ACS grade), methylene chloride (Fisher, unstabilized HPLC grade), dimethoxyethane 
(Fisher, certified ACS), toluene (Fisher, optima ACS grade), 1,4-dioxane (Fisher, certified ACS), 
acetonitrile (Fisher, HPLC grade), and hexanes (Fisher, ACS HPLC grade) were dried on a Pure Process 
Technology Glass Contour Solvent Purification System using activated Stainless Steel columns while 
following manufacture’s recommendations for solvent preparation and dispensation unless otherwise 
noted. All liquid amines were distilled and degassed by the freeze-pump-thaw method, and were stored 
under an atmosphere of nitrogen in glove box before use. All liquid aldehydes were distilled prior to use, 
and ketones, benzophenone and cyclohexanone, were used as received.  
      (E)-geranyl diethylamine 25a 
 
To a dry 100 mL round-bottom flask was sequentially added 4.20 g K2CO3 (1.2 equiv, 30 mmol), 30 mL 
DMF, 5 mL geranyl bromide (1.0 equiv, 25 mmol), and 3.9 mL diethylamine (1.5 equiv, 38 mmol). The 
reaction was allowed to stir at 100 °C for 8 hours. At ice bath, 20 mL water was added to quench the 
reaction and the mixture was extracted with DCM three times. Combined organic layers were washed 
with water once, dry over MgSO4 and concentrated under vacuum. The pure product is obtained by 
fractional distillation.  
      General procedure for preparation of allylic amines 
 
Olefination: A dry 100mL round-bottom flask was charged with a stir bar and 0.48g NaH (60 wt %, 12 
mmol, 1.2 equiv), purged with nitrogen followed by the addition of 15 mL toluene. Cooled to 0 °C, 
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diethyl (2-(diethylamino)-2-oxoethyl)phosphonate was added dropwise (2.8 mL, 12 mmol, 1.2 equiv). 
The reaction was allowed to stir at 0 °C for 30 min until the solution become clear. Ketone was added 
dropwise (10 mmol, 1.0 equiv) to the reaction over 5 min, then warmed up to room temperature, 
stirring overnight. The reaction was quenched with sat. NH4Cl solution, and the aqueous layer was 
extracted with DCM three times. The combined organic layers were dried over MgSO4, and purified by 
silica column chromatography.  
Reduction: To a dry 20 mL round-bottom flask was charged with a stir bar, purged with N2 three times, 
followed by the addition of unsaturated amide (4.0 mmol), dry THF (3 mL) and dry toluene (6 mL, 
V(tol)/V(THF)=2). The flask was then cooled in ice bath, and added RedAl solution (2.0 equiv, 3.5 M) 
dropwised. The reaction was allowed to stir at 0 °C for 2 hours then warmed up to rt for another 4 
hours. The reaction crude was cooled in ice bath and quenched by the addition of 10 mL 5 M NaOH 
solution and 20 mL toluene. After stirring for 30 minutes, the crude was transferred to a separatory 
funnel. Organic layer was separated, washed by 5 M NaOH solution twice, dried over MgSO4, and 
further purified by silica column chromatography. 
(E)-3-(4-chlorophenyl)-N, N-diethylbut-2-en-1-amine (25f) 
1H NMR (500 MHz, CDCl3) δ: 7.31 (d, J = 8.7 Hz, 2H), 7.26 (d, J = 8.8 Hz, 2H), 5.89 
(tq, J = 6.8, 5.5, 1.3 Hz, 1H), 3.26 (d, J = 6.6 Hz, 2H), 2.58 (q, J = 7.2 Hz, 4H), 2.03 
(s, broad, 3H), 1.07 (t, J = 7.1 Hz, 6H) ppm. 
13C NMR (125 MHz, CDCl3) δ: 141.93, 135.73, 132.65, 128.37, 127.02, 126.25, 51.44, 47.13, 16.13, 11.90 
ppm. 
HRMS (ESI-TOF) m/z: [M+H+] calculated for C14H20ClN, 238.1363; found, 238.1364.  
(E)-N, N-diethyl-3-(4-methoxyphenyl)but-2-en-1-amine (25h) 
1H NMR (500 MHz, CDCl3) δ: 7.35 (d, J = 8.8 Hz, 2H), 6.85 (d, J = 8.8 Hz, 2H), 5.84 
(tq, J = 6.8, 1.4 Hz, 1H), 3.79 (s, 3H), 3.26 (d, J = 6.7 Hz, 2H), 2.58 (q, J = 7.1 Hz, 
4H), 2.04 (d, J = 1.3 Hz, 3H), 1.07 (t, J = 7.1 Hz, 6H) ppm. 
13C NMR (125 MHz, CDCl3) δ: 158.71 , 136.09 , 136.05 , 126.72 , 124.02 , 113.60 , 55.32 , 51.43 , 47.05 , 
16.16 , 11.94 ppm. 
HRMS (ESI-TOF) m/z: [M+H+] calculated for C15H23NO, 234.1858; found, 234.1853.  






1H NMR (500 MHz, CDCl3) δ: 5.27 (tp, J = 6.9, 1.2 Hz, 1H), 3.03 (d, J = 6.9 Hz, 2H), 2.47 (q, J = 7.1 Hz, 4H), 
1.52 (d, J = 1.1 Hz, 3H), 1.00 (t, J = 7.2 Hz, 6H), 0.52 (m, 2H), 0.42 (dddd, J = 6.1, 4.9, 4.2, 1.0 Hz, 2H) ppm. 
13C NMR (125 MHz, CDCl3) δ: 138.32, 120.25, 50.65, 46.79, 18.97, 14.51, 11.91, 4.56 ppm. 
HRMS (ESI-TOF) m/z: [M+H+] calculated for C11H21N, 168.1752; found, 168.1752.  
      General procedure for Rh-catalyzed isomerization and oxidation of allylic amine with primary 
anilines: [Rh(COD)Cl]2 (4.4 mg, 0.009 mmol, 1.5 mol %), (±)-BINAP or (R)-BINAP (11.2 mg, 0.018 mmol, 
3.0 mol %),  NaBAr4F (16.0 mg, 0.018 mmol, 3.0 mol %),  and Cs2CO3 (175.9 mg, 0.54 mmol, 0.9 equiv) 
were added to a 20 mL vial equipped with a stir bar. After purging with with nitrogen, to the vial was 
added sequentially THF (0.5 mL), allylic diethylamine  (0.60 mmol, 1.0 equiv), styrene (103 μL, 0.54 
mmol, 1.5 equiv), primary aniline (1.8 mmol, 3.0 equiv), and DI water (0.15 mL). The resulting solution 
was allowed to stir for 24 h at 80 °C. The reaction vial was cooled to room temperature followed by the 
addition of diphenylmethane as an internal standard for analysis of the crude reaction mixture. The 
biphasic solution was diluted in EtOAc, washed with HCl 1N (2 x 20 mL), dried over anhydrous MgSO4, 
concentrated in vacuo and then purified by silica gel chromatography (hexanes/EtOAc) to afford the 
desired products 24a-e, 26aa, 26ha, 26ja. 
 N-phenyl-3-phenylpropanamide (24a, Table 24): Prepared according to General 
procedure A from cinnamyl diethyl amine (23) with aniline in 73 % isolated yield. 
Rf = 0.3 (4:1 hexane/EtOAc). mp = 92-93 °C  
1H NMR (500 MHz, CDCl3) δ 7.44 (m, 3H), 7.28 (m, 4H), 7.22 (m, J = 7.6 Hz, 3H), 7.09 (t, J = 7.4 Hz, 1H), 
3.04 (t, J = 7.7 Hz, 2H), 2.65 (t, J = 7.3 Hz, 2H) ppm. 
13C NMR (126 MHz, CDCl3) δ 170.68, 140.71, 137.86, 129.03, 128.72, 128.47, 126.46, 124.40, 120.13, 
39.47, 31.67 ppm. 
IR: ν 3323, 2924, 2856, 1651, 1599, 1526, 1440 cm-1. 
HRMS (ESI-TOF) m/z: [M+H+] calculated for C15H15NO, 226.1232; found, 226.1231. 
 N-(4-(trifluoromethyl)phenyl)-3-phenylpropanamide (24c, Table 24): 
Prepared according to General procedure A from cinnamyl diethyl amine (23) 
with 4-(trifluoro methyl)aniline in 53 % isolated yield. Rf = 0.3 (4:1 
hexane/EtOAc). mp = 142-145 °C  
1H NMR (500 MHz, CDCl3) δ 7.54 (s, 4H), 7.31 (t, J = 7.6 Hz, 2H), 7.23 (d, J = 7.5 Hz, 3H), 3.06 (t, J = 7.7 Hz, 





13C NMR (126 MHz, CDCl3) δ 170.79, 140.82, 140.42, 128.86, 128.48, 126.68, 126.35 (q, JCF = 3.8 Hz), 
126.29 (q, JCF = 32.9 Hz), 124.15 (q, JCF = 272.4 Hz), 125.2, 123.0, 119.4, 39.63, 31.53 ppm. 
19F NMR (470 MHz, CDCl3) δ -62.20 ppm.  
IR: ν 3327, 3030, 2926, 1672, 1600, 1524, 1408, 1319, 1164, 1065 cm-1. 
 N-(4-chlorophenyl)-3-phenylpropanamide (24c, Table 24): Prepared according 
to General procedure A from cinnamyl diethyl amine (23) with 4-chloroaniline 
in 62 % isolated yield. Rf = 0.3 (3:1 hexane/EtOAc). mp = 138-139 °C  
1H NMR (500 MHz, CDCl3) δ 7.46 (s, broad, 1H), 7.36 (d, J = 8.5 Hz, 2H), 7.29 (t, J 
= 7.4 Hz, 2H), 7.21 (m, 5H), 3.02 (t, J = 7.6 Hz, 2H), 2.64 (t, J = 7.6 Hz, 2H) ppm. 
13C NMR (126 MHz, CDCl3) δ 170.76, 140.51, 136.38, 129.38, 129.02, 128.77, 128.43, 126.56, 121.39, 
39.39, 31.60 ppm. 
IR: ν 3299, 3029, 2931, 1658, 1593, 1522, 1491, 1397, 1091 cm-1. 
HRMS (ESI-TOF) m/z: [M+H+] calculated for C15H14ClNO, 260.0842; found, 260.0838. 
HRMS (ESI-TOF) m/z: [M+H+] calculated for C16H14F3NO, 294.1106; found, 294.1106. 
 N-(2-methylphenyl)-3-phenylpropanamide (24e, Table 24): Prepared according 
to General procedure A from cinnamyl diethyl amine (23) with 2-methylaniline in 
61 % isolated yield. Rf = 0.4 (2:1 hexane/EtOAc). mp = 119-121 °C  
1H NMR (500 MHz, CDCl3) δ 7.70 (d, J = 8.1 Hz, 1H), 7.30 (d, J = 7.5 Hz, 2H), 7.20 
(m, 6H, integration gives 1 extra proton due to solvent peak), 7.06 (t, J = 7.4 Hz, 1H), 6.97 (s, broad, 1H), 
3.06 (t, J = 7.6 Hz, 2H), 2.69 (t, J = 7.6 Hz, 2H), 2.06 (s, 3H) ppm. 
13C NMR (126 MHz, CDCl3) δ 170.55, 140.68, 135.59, 130.50, 129.48, 128.75, 128.51, 126.73, 126.50, 
125.35, 123.53, 39.26, 31.81, 17.66 ppm. 
IR: ν 3338, 3289, 3030, 1673, 1601, 1524, 1409, 1320, 1162 cm-1. 
HRMS (ESI-TOF) m/z: [M+H+] calculated for C16H17NO, 240.1388; found, 240.1387. 
(S)-3,7-dimethyl-N-phenyloct-6-enamide (26aa, Table 25): Prepared according to 
General procedure A from (E)-geranyl diethyl amine (25a) with aniline in 61 % 
isolated yield. Rf = 0.4 (4:1 hexane/EtOAc). mp = 46-48 °C 






2H), 7.09 (t, J = 7.4 Hz, 1H), 5.09 (t, J = 6.8 Hz, 1H), 2.37 (dd, J = 13.2, 5.3 Hz, 1H), 2.07 (m, 4H), 1.68 (s, 
3H), 1.60 (s, 3H), 1.42 (ddt, J = 12.3, 9.6, 5.9 Hz, 1H), 1.26 (m, 1H), 1.00 (d, J = 6.2 Hz, 3H) ppm. 
13C NMR (101 MHz, CDCl3) δ: 171.12, 138.08, 131.72, 129.06, 124.37, 124.29, 120.00, 45.63, 37.00, 
30.70, 29.82, 25.84, 25.61, 19.69, 17.80 ppm. 
IR: ν 3291, 2963, 2915, 2849, 1652, 1599, 1534, 1444, 1374 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C16H23NO, 246.1858; found, 246.1855. 
 (R)-3-(4-methoxyphenyl)-N-phenylbutanamide (26ha, Table 26): Prepared 
according to General procedure A from 25h and aniline with 3 mol % [Rh], 80 
°C, 48 hours in 67 % isolated yield. Rf = 0.5 (2:1 hexane/EtOAc). mp = 127-128 °C 
1H NMR (500 MHz, CDCl3) δ: 7.37 (d, J = 8.0 Hz, 2H), 7.26 (t, J = 8.4 Hz, 3H, a 
broad singlet overlap with the triplet, total integration is 3), 7.17 (d, J = 8.2 Hz, 2H), 7.07 (t, J = 7.4 Hz, 
1H), 6.85 (d, J = 8.2 Hz, 2H), 3.78 (s, 3H), 3.33 (h, J = 7.1 Hz, 1H), 2.57 (h, J = 7.2 Hz, 2H), 1.33 (d, J = 7.0 
Hz, 3H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 170.30, 158.28, 137.85, 137.80, 128.98, 127.84, 124.33, 120.10, 114.17, 
55.38, 47.03, 36.34, 22.02 ppm. 
IR: ν 3299, 3000, 2957, 2837, 1651, 1599, 1512, 1442, 1366, 1306, 1183 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C17H19NO2, 270.1494; found, 270.1489. 
(R)-3-cyclopropyl-N-phenylbutanamide (26ja, Table 26): Prepared according to 
General procedure A from 25j and aniline with 3 mol % [Rh], 100 ˚C, 24 hours in 58 
% isolated yield. Rf = 0.4 (3:1 hexane/EtOAc). mp = 68-70 °C 
1H NMR (500 MHz, CDCl3) δ: 7.63 (s, 1H), 7.51 (d, J = 8.0 Hz, 2H), 7.28 (t, J = 7.8 Hz, 2H), 7.07 (t, J = 7.4 
Hz, 1H), 2.45 (dd, J = 13.8, 6.4 Hz, 1H), 2.26 (dd, J = 13.8, 7.8 Hz, 1H), 1.30 (m, 1H), 1.05 (d, J = 6.7 Hz, 
3H), 0.56 (dp, J = 13.4, 4.9, 4.3 Hz, 1H), 0.40 (dd, J = 8.1, 4.3 Hz, 2H), 0.17 (dd, J = 9.4, 4.7 Hz, 1H), 0.08 
(dd, J = 9.2, 4.6 Hz, 1H). 
13C NMR (126 MHz, CDCl3) δ: 171.18 , 138.12 , 129.02 , 124.27 , 120.12 , 45.77 , 36.71 , 20.02 , 17.91 , 
4.31 , 3.71 . 
IR: ν 3296, 3076, 2959, 2924, 1655, 1599, 1443, 1164 cm-1.  





(R)-1-morpholino-3-(4-chlorophenyl)butan-1-one (26fl, Table 26): [Rh(COD)Cl]2 
(2.0 mg, 0.0036 mmol, 1.5 mol %), (±)-BINAP or R-BINAP (4.5 mg, 0.0072 mmol, 
3.0 mol %),  NaBAr4F (6.4 mg, 0.0072 mmol, 3.0 mol %),  and Cs2CO3 (16 mg, 
0.048 mmol, 20 mol %) were added to a 4 mL vial equipped with a stir bar. After 
purging with with nitrogen, to the vial was added sequentially THF (0.2 mL), allylic diethylamine 25f 
(0.24 mmol, 1.0 equiv), styrene (42 μL, 0.36 mmol, 1.5 equiv), morpholine (19l, 0.25 mmol, 1.05 equiv), 
and DI water (0.04 mL). The resulting solution was allowed to stir for 48 h at 80 °C. The reaction vial was 
cooled to room temperature followed by the addition of diphenylmethane as an internal standard for 
analysis of the crude reaction mixture. The biphasic solution was added EtOAc, dried over anhydrous 
MgSO4, concentrated in vacuo and then purified by silica gel chromatography (1:2 hexanes/EtOAc; Rf = 
0.2) to afford the desired product 26fl in 72 % isolated yield. 
1H NMR (500 MHz, CDCl3) δ: 7.26 (d, J = 8.1 Hz, 2H), 7.16 (d, J = 8.1 Hz, 2H), 3.57 (m, 5H), 3.33 (m, 4H), 
2.57 (dd, J = 14.9, 7.1 Hz, 1H), 2.50 (dd, J = 15.0, 7.2 Hz, 1H), 1.31 (d, J = 7.0 Hz, 3H) ppm. 
13C NMR (126 MHz, CDCl3) δ: 170.19 , 144.71 , 132.14 , 128.71 , 128.39 , 66.97 , 66.57 , 46.24 , 42.04 , 
41.30 , 36.23 , 21.86 ppm. 
IR: ν 2964, 2926, 2857, 1638, 1493, 1434, 1273, 1223, 1113 cm-1.  
HRMS (ESI-TOF) m/z: [M+H+] calculated for C14H18ClNO2, 268.1104; found, 268.1101. 
3.2 DEVELOPMENT OF A RHODIUM-CATALYZED OLEFIN ISOMERIZATION – CLAISEN REARRANGEMENT – 
AMIDATION REACTION 
3.2.1 Introduction 
      The isomerization – amidation of allylic alcohols and amines have the potential of generating chiral 
α,β-disubstituted amides if tetrasubstituted substrates could be used. However, tetrasubstituted alcohol 
generated amide product in low yield and no diastereoselectivity (Scheme 46),60 and tetrasubstituted 
allylic amine did not undergo isomerization (ZW). Thus, for this type of products we explored another 
method, the isomerization – Claisen rearrangement reaction of allylic ethers, to generate α,β-
disubstituted aldehyde in situ. This reaction has the advantages of using readily accessible starting 
materials and setting multiple stereocenters in one transformation. Seminal report by Nelson involved a 
cationic iridium catalyst (Scheme 47a)93,94 while a more recent studied by Tanaka employed a cationic 





Scheme 46: Isomerization – amidation reactions of tetrasubstituted allylic alcohol 
 
Scheme 47: Examples of olefin isomerization – Claisen rearrangement reactions 
 
 
      We envisioned using this reaction as the first step in our tandem process to prepare chiral α,β-
disubstituted amides. In addition to amines, alcohols could also be used as nucleophiles in the oxidative 
functionalization of the aldehyde intermediates to generate esters (Scheme 48). The challenge in 
developing this reaction is to identify reaction conditions to facilitate different steps and achieve a high 
level of stereoselectivity. 
Scheme 48: Proposed olefin isomerization – Claisen rearrangement – aldehyde functionalization 
 
3.2.2 Optimization of reaction conditions for the tandem rearrangement – amidation of diallyl ethers 
      To start the optimization process, we first wanted to make sure each step in the tandem reaction 
was feasible under similar conditions. Tanaka has demonstrated the isomerization – rearrangement step 
with cationic rhodium catalyst in dichloromethane but this solvent did not work for our amidation 
reactions. A ligand screen in THF identified Xantphos and bis(dicyclohexylphosphinophenyl) ether 
(dcePhos) as superior ligands (Scheme 49); under this condition, ether 27a was fully converted to α,β-
disubstituted aldehyde 28a, based on GC and GC-MS analysis. 
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Scheme 49: Isomerization – rearrangement step from diallyl ether 
 
Table 27: Hydrogen acceptor screen for the amidation reaction of α,β-disubstituted aldehyde 28aa
 
entry Phosphine Hydrogen acceptor Yield 29al (%)b 
1 dcePhos MMA 30 
2 dcePhos Ethyl cinnamate 30 
3 dcePhos Cyclohexene 34 
4 dcePhos Chalcone 85 
5 dcePhos 3,5-lutidine N-oxide 28 
6 Xantphos MMA 13 
7 Xantphos Ethyl cinnamate 13 
8 Xantphos Cyclohexene 23 
9 Xantphos Chalcone 72 
10 Xantphos 3,5-lutidine N-oxide 9 
aReaction condition: 28a (0.082 mmol, 1.0 equiv), morpholine 19l (17.7 μL, 2.5 equiv), [Rh(COD)2]BF4 (1.0 
mg, 3 mol %), dcePhos (1.39 mg, 3 mol %) or Xantphos (1.42 mg, 3 mol %), Cs2CO3 (40.08 mg, 1.5 equiv), 
hydrogen acceptor (2.0 equiv), THF (0.2 mL), H2O (10 μL). bYields were determined by GC analysis of 
crude reactions with diphenylmethane used as internal standard.  
      Next we wanted to investigate the reactivity of aldehyde 28a in amidation reaction with these 
ligands (Table 27). Methyl methacrylate (MMA), which was an effective hydrogen acceptor in the 
amidation reaction of hindered aldehydes and morpholine with PCy3 as the ligand (see chapter 2), now 
afforded product 29al in low yield (Table 27, entries 1 and 6). Chalcone was superior with both ligands 
and condition in entry 4 was chosen for subsequent experiments.  
      Both steps of the proposed tandem reaction had now been demonstrated with the same catalyst and 
ligand; however, when ether 27a was subjected to the reaction conditions, both the aldehyde 
intermediate 28a and amide product 29al were observed in trace amounts (Scheme 50). We 
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hypothesized that one or more of the reagents required for amidation prevented the isomerization – 
rearrangement step. Indeed, controlled reactions showed that base completely stopped the olefin 
isomerization, while amine and hydrogen acceptor hindered the isomerization and/or rearrangement to 
varied extents. This observation meant that a one-step set up was not feasible, thus we moved to a two-
step set up: generate the aldehyde first, then add other reagents for the amidation reaction (Scheme 
51). The amide product was generated, however in low yield compared to just amidation step.  
Scheme 50: One-step set up for the tandem isomerization – rearrangement – amidation 
 
Scheme 51: Initial two-step set up for the tandem isomerization – rearrangement – amidation 
 
     A potential explanation for the result in Scheme 51 was that the catalyst became inactive after the 
first step. This hypothesis was supported by observation that when more diallyl ether 27a was added 
after the first step it remained unreacted. With catalyst added in the second step together with other 
reagents, the product was now obtained in high yield and good diastereoselectivity (Scheme 52).  
Scheme 52: Modified two-step set up 
 
      With this promising result, we proceeded to explore the scope of amine nucleophiles. However, 
under the same reaction conditions, other secondary amine (pyrrolidine) and primary amine (benzyl 
amine) afforded the corresponding amides with low conversion and diastereoselectivity. An additive 
screen revealed that a number of additives improved the results (Table 28). KBr and NaBF4 were the 
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most effective and gave comparable results; NaBF4 was picked for further investigation due to its 
generality across various amines and substrates. It was later discovered that the yields in this table were 
low due to substrate; a new batch of substrate was prepared and gave 29an in 50-60% GC yield, 
consistent with its isolated yield (55%, table 30). 
Table 28: Additive screens for the tandem amidation process with pyrrolidine as nucleophile 
 
entry additive GC yield 29an (%) dr 29an 
1 TiCl4•2THF trace N/A 
2 LiBr 18 1.7:1 
3 LiF 24 3.3:1 
4 KBr 38 3.5:1 
5 FeCl2 9 2.0:1 
6 NaBF4 35 3.4:1 
7 MgBr2•Et2O 11 2.2:1 
8 B(OPh)3 15 3.4:1 
aReaction condition: step 1: diallyl ether 27a (0.082 mmol, 1.0 equiv), dcePhos (1.39 mg, 3 mol %), 
additive (0.0082 mmol, 10 mol %),  THF (0.2 mL); step 2: [Rh(COD)2]BF4 (1.0 mg, 3 mol %), Cs2CO3 (40.08 
mg, 1.5 equiv), chalcone (2.0 equiv), pyrrolidine (16.8 μL, 2.5 equiv), H2O (10 μL). bYields were 
determined by GC analysis of crude reactions with 1-methylnaphthalene used as internal standard.  
3.2.3 Scope of the tandem olefin isomerization – rearrangement – amidation reaction of diallyl ethers 
      With the optimized conditions in hand, we are currently exploring the scope of this tandem reaction. 
The ether substrate scope is shown in Table 29. A variety of substituents, including electron 
withdrawing, electron donating, fused ring, and halide, are tolerated on the phenyl ring at all three 
(ortho, meta, and para) positions. However, all these substrates gave lower yield and dr compared to 
standard substrate 27a. The relative configuration of 29al was assigned by comparison to previously 




Table 29: Scope of diallyl ethers in the tandem amidation reactiona 
 
aReaction condition: step 1: diallyl ether (0.50mmol, 1.0 equiv), [Rh(COD)2]BF4 (6.09 mg, 3 mol %), 
dcePhos (8.44mg, 3 mol %), NaBF4 (5.49 mg, 10 mol %), THF, 1.2 mL; step 2: [Rh(COD)2]BF4 (6.09 mg, 3 
mol %), Cs2CO3 (244.4mg, 1.5 equiv), chalcone (208.2 mg, 2.0 equiv), amine (1.25 mmol, 2.5 equiv), H2O 
(60μL). bIsolated yield, the dr was from analysis of crude reactions. cNMR yield and dr.  
       Next, the amine scope is explored (Table 30). A variety of secondary cyclic amines could be used as 
nucleophiles in this reaction while primary ones are generally more challenging (only one example, 
benzyl amine, is shown here but other primary amines were screened with standard substrate 27a and 
showed low conversion and dr). Morpholine appeared to be a privilege nucleophile, affording the 29al in 









Table 30: Scope of amine nucleophiles in the tandem amidation reaction of diallyl ethersa 
 
aReaction condition: step 1: diallyl ether (0.50mmol, 1.0 equiv), [Rh(COD)2]BF4 (6.09 mg, 3 mol %), 
dcePhos (8.44mg, 3 mol %), NaBF4 (5.49 mg, 10 mol %), THF, 1.2 mL; step 2: [Rh(COD)2]BF4 (6.09 mg, 3 
mol %), Cs2CO3 (244.4mg, 1.5 equiv), chalcone (208.2 mg, 2.0 equiv), amine (1.25 mmol, 2.5 equiv), H2O 
(60μL). bNMR yield. cdr was low, close to 1:1, the 2 isomers did not separate on CG and overlap 
signigicantly in NMR spectrum. dIsolated yield; the dr was from GC analysis of crude reaction. eSmaller 
scale reaction (0.082 mmol diallyl ether).  
3.2.4 Optimization and scope of the tandem olefin isomerization – rearrangement – esterification 
reaction of diallyl ethers 
      In addition to oxidative amidation, esterification of allylic amines is another reaction currently being 
developed in our group. To investigate the use of alcohols as nucleophiles in the tandem isomerization – 
rearrangement – aldehyde functionalization reaction, diallyl ether 27c was used as substrate under 
optimized reaction conditions with benzyl alcohol instead of amine in the second step. The desired ester 
30ca was observed with high conversion but dr was low. (Table 31, entry 1).  A base screen showed that 
most bases gave similar results; only KF led to significant increase in dr although dr was still quite low 
(Table 31, entry 8, this product/standard ratio corresponds to a 58% NMR yield). Additive and oxidant 
screens were also conducted but did not result in any improvement in diastereoselectivity. 
104 
 
Table 31: Base screen for the isomerization – esterification reaction of diallyl ether with benzyl alcohola 
 
Entry  Base  Product/standard ratiob dr 30ca 
1 Cs2CO3 1.1 2.4:1 
2 K2CO3 1.1 2.9:1 
3 Na2CO3 1.0 2.7:1 
4 CsOAc 1.2 2.7:1 
5 KOAc 1.1 2.5:1 
6 NaOAc 1.0 2.7:1 
7 CsOH•H2O Trace N/A 
8 KF 0.98 (58% NMR yield) 3.7:1 
9 K3PO4 1.1 2.8:1 
10 Na3PO4 1.1 3.2:1 
aReaction condition: step 1: diallyl ether 27c (0.082 mmol, 1.0 equiv), dcePhos (1.39 mg, 3 mol %), NaBF4 
(0.90mg, 10 mol %), (THF (0.2 mL); step 2: [Rh(COD)2]BF4 (1.0 mg, 3 mol %), base (0.123 mmol, 1.5 
equiv), chalcone (34.15mg, 2.0 equiv), benzyl alcohol (21.3 μL, 2.5 equiv), H2O (10 μL). b Ratio 
determined by GC analysis of crude reaction mixture with 1-methylnaphthalene as standard. 
      Preliminary alcohol scope was explored under the current set up (Table 32). In addition to benzyl 
alcohol, primary alcohols bearing simple alkyl chains generate product in high yields (30cb-30cd), 
including the commonly used methanol and ethanol, without having to employ a large excess of 
alcohol.97,98 Secondary alcohols were also effective nucleophiles (30ce-30cf) but no product was 
observed with tertiary alcohol tert-butanol. Alcohols bearing basic functional group (30ch), heterocycle 
(30ci) and aryl halide (30cj) also form amides in good yield. However, a major drawback of this reaction 






Table 32: Alcohol scope in the tandem isomerization – rearrangement – esterification of diallyl ethera 
 
aReaction condition: step 1: diallyl ether 27c (0.082 mmol, 1.0 equiv), dcePhos (1.39 mg, 3 mol %), NaBF4 
(0.90mg, 10 mol %), (THF (0.2 mL); step 2: [Rh(COD)2]BF4 (1.0 mg, 3 mol %), KF (7.15mg, 1.5 equiv), 
chalcone (34.15mg, 2.0 equiv), alcohol (0.205 mmol, 2.5 equiv), H2O (10 μL). b NMR yield with 1-
methylnaphthalene as standard, dr also determined by 1H NMR integration. cdr determined by CG. 
3.3 CONCLUSIONS 
      Our approach to asymmetric amide synthesis is to use tandem processes involving in situ formation 
of stereo-enriched intermediates which then undergo oxidative amidation. We have successfully 
developed an enatioselective isomerization – amidation reaction of allylic diethylamines for the 
synthesis of chiral β-branched amides. This reaction has broad substrate- and nucleophile scopes, thanks 
to a highly selective isomerization and a robust amidation. Current studies in our group focus on 
different ways to intercept the chiral enamine intermediate to form other interesting products including 
amines (ZW) and esters (SL).  
     α,β-disubstituted amides proved to be a more challenging type of products as both allylic alcohols 
and amines substrates led to low dr and yield. Our efforts to use allylic ethers in a tandem isomerization 
– Claisen rearrangement – amidation reaction have resulted in mixed results. Moderate to good yields 
was obtained; diastereoselectivity was higher than from the other types of substrates but overall it was 
still quite low and varied significantly across different substrates and amines. While product 29al could 
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be prepared from the standard substrate 27a and morpholine in very good yield and high dr, our 
attempts to develop this reaction into an enantioselective process have not been successful, with low 
conversion and selectivity, using a number of chiral ligands. The catalytic, asymmetric Claisen 
rearrangement of inactivated allylic ethers is a highly challenging reaction and other catalytic systems 
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